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Maternal Uniparental Disomy of Chromosome 1 with
No Apparent Phenotypic Effects

To the Editor:
Uniparental disomy (UPD) arises when an individual in-
herits two copies of a specific chromosome from one
parent and no copy from the other parent. This unusual
non-Mendelian transmission of parental genes may lead
to rare recessive disorders, or to developmental distur-
bances due to aberrant imprinting effects, in the zygote
(Ledbetter and Engel 1995). However, UPD may also
occur (at some unknown frequency) with no apparent
phenotypic consequences. Recently, the Journal re-
ported the first case of maternal chromosome 1 UPD
(Pulkkinen et al. 1997) and the first case of paternal
chromosome 1 UPD (Gelb et al. 1998), both ascertained
through a rare recessive condition. We report here the
third case of chromosome 1 UPD, and the first UPD to
be ascertained inadvertently during a genome-screen
linkage study. All three reports suggest that there are no
imprinted genes on chromosome 1 with a major effect
on phenotype.

The origin of UPD lies in meiotic nondisjunction
events. UPD can result from nondisjunction during mei-
osis I or II in one parent, leading to a disomic gamete,
followed by fertilization with a gamete nullisomic for
that chromosome from the other parent (gamete com-
plementation) or by postzygotic loss of the other parent’s
chromosome (trisomy rescue) (Engel 1993; Ledbetter
and Engel 1995). If the nondisjunction occurs at meiosis
I, the uniparental pair of chromosomes will contain the
centromeric regions of both of the parent’s homologues
(primary heterodisomy), whereas if the nondisjunction
occurs at meiosis II, the uniparental pair will contain
the replicated centromeric region of one of the parent’s
homologues (primary isodisomy). Exchanges during
meiosis I can introduce regions of homozygosity (sec-
ondary isodisomy) into a primary heterodisomy situa-
tion and, conversely, regions of heterozygosity (second-
ary heterodisomy) into a primary isodisomy situation.
In addition to meiosis I and II errors, a third mechanism
leading to UPD occurs when a normal monosomic gam-
ete is fertilized by a nullisomic gamete, followed by

postzygotic duplication of the single monosomic ho-
mologue (monosomy duplication)—this results in com-
plete chromosome isodisomy, including the centromere,
with no regions of heterozygosity (Engel 1993). Thus,
centromeric heterodisomy (heterozygous markers) in-
dicates a meiosis I error, whereas centromeric isodisomy
(homozygous markers) indicates either a meiosis II error
if there are other regions showing heterozygosity or post-
zygotic duplication if all other regions are homozygous.
Since the homozygosity associated with UPD, generated
either by primary or secondary isodisomy, consists of
duplicate copies of alleles from a single chromosome, it
carries an increased risk of homozygosity for deleterious
recessive genes. Indeed, the presence of a recessive dis-
ease in the offspring has been the mode of ascertainment
of many examples of UPD (reviewed in Pulkkinen et al.
1997). Similarly, if a chromosome carries imprinted
genes, so that one active allele at the imprinted locus is
necessary for normal growth and development of the
embryo, UPD may be associated with intrauterine
growth retardation and other developmental abnormal-
ities (reviewed in Hall 1990; Ledbetter and Engel 1995).
However, since the advent of comprehensive genome-
wide genotyping for purposes of genetic linkage analysis,
the possibility now exists that phenotypically “invisible”
cases of UPD, not ascertained through recessive disease
or through imprinting-associated abnormalities, will be
discovered.

We have been performing genome screening of fam-
ilies having at least two children affected with type 1
(insulin-dependent) diabetes, in order to identify by link-
age analysis genes predisposing to this disorder (Field et
al. 1994, 1996). A subset of 77 families including 203
children and all their parents has been typed for 187
markers across all chromosomes. During the course of
these studies, family BD94 (DNA obtained from the Brit-
ish Diabetes Association Warren Repository [Bain et al.
1990]) was noted to produce numerous marker-typing
incompatibilities between the second diabetic child and
her father. Closer inspection revealed that the incom-
patibilities between the father and the second child only
involved some of the 14 marker loci typed on chro-
mosome 1, whereas genotyping at 173 microsatellite loci
on chromosomes 2 through X (multiple markers on all
chromosomes) produced no incompatibilities, proving
conclusively that the putative father was the biological
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Table 1

Results of Typing 29 Chromosome 1 Microsatellites and Chromosome 6 HLA Loci

Marker or Status
Cytogenetic

Location

Genetic
Location

(Female cM) Mother Father Child1 Child2

D1S468 ) 4.5 1,2 1,1 1,2 1,2
D1S1612 ) 17.8 1,2 3,4 2,4 1,2a

D1S1368 ) ) 1,2 1,3 1,2 1,2
D1S1622 ) 68.5 1,1 2,3 1,2 1,1a

D1S186 ) 84.6 1,2 3,4 1,4 1,2a

D1S2134 ) 100 1,2 2,2 1,2 1,2
D1S405 ) 117 1,1 1,1 1,1 1,1
D1S3728 ) 122 1,1 2,2 1,2 1,1a

D1S198 p32-p33 132 1,2 3,4 2,4 1,2a

D1S159 p32 ) 1,2 2,3 2,3 1,1a,b

D1S410 ) 135 1,1 1,2 1,2 1,1
D1S1665 ) 137 1,2 1,3 1,1 2,2a,b

D1S550 ) ) 1,2 2,3 2,2 1,1a,b

D1S1728 ) 144 1,2 2,3 1,3 2,2b

D1S551 ) 151 1,1 1,2 1,1 1,1
D1S1159 ) 151 1,2 2,3 1,3 2,2b

D1S116 p21-p31 ) 1,1 1,2 1,1 1,1
D1S1588 ) 167 1,2 3,4 2,4 1,2a

AMY2B p21 ) 1,2 1,3 1,1 1,2
D1S1631 ) 177 1,2 2,3 1,2 1,2
D1S305 ) 210 1,1 2,3 1,3 1,1a

APOA2 q21-q23 227 1,2 3,4 1,4 1,2a

D1S1589 ) 245 1,2 1,3 2,3 1,2
D1S117 q23-q25 ) 1,2 3,3 1,3 1,2a

D1S1660 ) 271 1,2 3,4 2,3 1,2a

GATA124F08 ) ) 1,2 1,1 1,2 1,2
D1S213 q32-q44 312 1,2 3,4 2,4 1,2a

D1S103 q32-q44 317 1,2 3,4 2,4 1,2a

D1S547 ) 351 1,2 3,4 2,4 1,2a

HLA-A 1,2 3,31 1,31 1,31
HLA-B 8,62 65,60 8,60 8,60
HLA-C 7,3 8,3 7,3 7,3
HLA-DRB 3,4 13,4 3,4 3,4
HLA-DQB 2,3 1,8 2,8 2,8
1 5 high risk HLA haplotype 1,1 2,1 1,1 1,1
Type 1 diabetes present Yes No Yes Yes

a Incompatibility with father.
b Demonstrable maternal isodisomy.

father. An additional 15 markers on chromosome 1 were
then genotyped for all family members, and further clin-
ical details about the family, particularly the second
child, were obtained following a separate informed con-
sent. Table 1 shows the results of typing 29 chromosome
1 markers and the human leukocyte antigen (HLA) types
provided by the BDA. For simplicity, genotypes are
shown as recoded alleles, with the mother’s alleles and
then the father’s alleles numbered from smallest to larg-
est and with alleles of identical size receiving the same
number code (for example, at D1S159, the mother is
145/147, the father 147/149, the first child 147/149, and
the second child 145/145). Markers are listed from pter
to qter, with positions on the female genetic map indi-
cated in centimorgans according to information from
the Marshfield Center for Medical Genetics Website.

Of the 29 chromosome 1 markers, 16 markers, dis-
tributed across the entire chromosome, show incom-
patibility (indicated in table 1) between the father and
the second diabetic child, labeled “Child2.” For all 29
markers, the second child’s genotype is either identical
to the mother’s genotype or (in a small region on the
short arm) shows only a single allele found in the mother.
For the latter cases, if the mother is heterozygous but
the child is homozygous, then maternal isodisomy is pre-
sent (indicated in table 1). The centromeric region is
heterodisomic. This pattern is consistent with maternal
uniparental primary heterodisomy (arising from non-
disjunction during meiosis I), with an embedded region
of homozygosity (secondary isodisomy) on the short arm
created by a double exchange event. The isodisomic re-
gion within the double exchange includes markers



1218 Letters to the Editor

D1S159, D1S410, D1S1665, D1S550, D1S1728,
D1S551, D1S1159, and possibly D1S116 (the mother is
uninformative for the latter), which have all been cyto-
genetically localized between 1p21 and 1p32. Advanced
maternal age is often associated with increased risk of
nondisjunction, but this is not relevant in the present
study, since the mother was 21 years old at the time of
the birth of her second child.

The region of homozygosity encompassed by the two
recombination events appears to be quite small: the es-
timated genetic distance between D1S159 and D1S1159
is 16–35 cM (see table 1: , and151 2 135 5 16 167 2

) in a total female-chromosome length of ∼365132 5 35
cM, according to the Marshfield maps. The other case
of maternal chromosome 1 UPD primary heterodisomy
also shows only a single region of secondary isodisomy
(∼35 cM on the long arm), created by a double meiotic
exchange event (Pulkkinen et al. 1997). It is possible
that unusual recombination patterns (e.g., decreased
number of chiasmata or closely adjacent chiasmata) pre-
dispose to nondisjunction in meiosis I and thus increase
the probability of UPD (Koehler et al. 1996). Alterna-
tively, possession of larger regions of homozygosity in
heterodisomic UPD zygotes would increase the risk of
recessive lethal conditions, so that these zygotes may be
selected against early in development. However, it also
is possible that the actual number of detected exchanges
(i.e., two) may not be particularly unusual. The expected
number of chiasmata occurring between chromatids of
paired homologues for a chromosome 365 cM long,
which is the size of chromosome 1, is on average seven.
We have calculated (on the basis of probabilities from
table 2 in Robinson et al. 1993) that the chance of ob-
serving ≤2 transitions in a UPD zygote, when seven chi-
asmata have occurred during meiosis, is 8.6%. (The term
“exchange” refers to a chiasma that has occurred in the
meiosis I tetrad, whereas “transition” refers to a tran-
sition from heterodisomy to isodisomy, or vice versa, in
a disomic gamete.) The probability of observing ≤2 tran-
sitions would be even higher if there was incomplete
marker coverage such that a transition event could be
missed (which is possible in the present study) and/or if
365 cM is an overestimate of the true map length due
to typing errors (genetic maps are commonly inflated for
this reason), so that the expected number of chiasmata
is actually less than seven. The reason that so few tran-
sitions might be observed, even if as many as seven chi-
asmata have taken place, is that for a transition to be
observable by extensive marker typing in a UPD zygote,
the exchange event must occur between a transmitted
and a nontransmitted chromatid (i.e., about half of ex-
changes result in potentially observable transitions,
when random involvement of chromatids in chiasmata
formation is assumed). Furthermore, for a transition to
be observable, the mother must be heterozygous for one

or more markers proximal to the exchange. Thus, al-
though it may seem that few exchanges have occurred
during the meiosis I event leading to this zygote with
chromosome 1 UPD, the actual number of transitions is
not significantly different from the expected number.

Trisomy 1 conceptuses have not been observed in
spontaneous abortions (Hassold et al. 1996), except for
one report of a lost pregnancy with no fetal development
(Hanna et al. 1997), or among cases of prenatally di-
agnosed placental or fetal mosaicism (Ledbetter et al.
1992; Teshima et al. 1992; Hahnemann and Vejerslev
1997). To our knowledge, there are only two reports of
trisomy 1 mosaicism in humans (outside of cancer cells)
(Neu et al. 1988; Howard et al. 1995). However, mo-
lecular studies to determine the origin of the trisomy
were not performed in either case, and in at least one
case both monosomy and trisomy 1 cells were present,
indicating that the trisomy arose as a somatic event dur-
ing development (Neu et al. 1988). On the other hand,
sperm or oocytes aneuploid for chromosome 1 are not
uncommon (Martin et al. 1991, 1995; Spriggs et al.
1996). This suggests that trisomy 1 conceptuses occur
but die prior to implantation. Thus, the finding of chro-
mosome 1 UPD of maternal meiotic origin is most likely
due to a gamete complementation mechanism (fertil-
ization of a disomic egg with a sperm nullisomic for
chromosome 1) rather than a trisomy-rescue mechanism
(postzygotic loss of the father’s chromosome 1), unless
the trisomy rescue occurred in the first one or two cell
divisions with complete selection against the trisomic
cells.

The mother and both of the two children in this fam-
ily have type 1 diabetes, and all three individuals have
HLA genotypes associated with a high risk of developing
diabetes (see table 1). It is well established that the HLA
region contains the strongest susceptibility genes for this
disease (for a review of insulin-dependent diabetes mel-
litus [IDDM] genetics, see Field and Tobias 1997). Thus,
we assume that the presence of chromosome 1 UPD in
one of the diabetic children is unrelated to her IDDM.
Apart from her diabetes, she has no other unusual con-
ditions. There was no evidence of dysmorphic features
at birth. She had a full-term birth weight of 2,930 g
(consistent with that of her mother and older brother,
whose full-term birth weights were 2,840 g and 2,870
g, respectively), with no indication of intrauterine
growth retardation. Subsequently (she is now 23 years
old), she showed no signs of mental or developmental
retardation or precocious puberty.

In the two other cases of chromosome 1 UPD (Pulk-
kinen et al. 1997; Gelb et al. 1998), ascertainment was
through a rare recessive disorder, but there were no fea-
tures suggestive of imprinting, such as growth or de-
velopmental abnormalities. However, since the infant
with maternal chromosome 1 UPD died at 2 mo of age
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(Pulkkinen et al. 1997), the present case of maternal
chromosome 1 UPD in a developmentally normal adult
provides valuable additional evidence that there are no
imprinted genes on chromosome 1 with major pheno-
typic effects. This has potential implications for prenatal
diagnosis if chorionic villus sampling (CVS) reveals tri-
somy mosaicism and later amniotic fluid sampling shows
fetal disomy (apparent trisomy rescue), since these cases
theoretically have a one in three risk of UPD for the
relevant chromosome and any associated imprinting ef-
fects (Ledbetter and Engel 1995). However, as discussed
above, it is probable that conceptuses trisomic for chro-
mosome 1 die before implantation and therefore are un-
likely to be detected by CVS.

The data presented here, combined with that from
other reports of UPD (Jones et al. 1995; Ledbetter and
Engel 1995), suggest that, in the absence of isodisomy
for recessive deleterious genes, uniparental disomy for
chromosomes that do not harbor imprinted loci may be
quite harmless. If so, it would be of interest to know the
frequency of this phenomenon in the normal general
population. In our laboratory, we have typed 1200 chil-
dren (and their parents) for markers relatively densely
distributed across the genome, and this is the first case
of UPD that we have recognized. Other laboratories per-
forming large-scale linkage-mapping projects may en-
counter UPD but may attribute it to lab typing errors,
null alleles, or nonpaternity. The possibility of UPD
should be considered when typing incompatibilities oc-
cur repeatedly for the same family in genome-screen pro-
jects, since such studies represent an important source
for discovery of additional cases of UPD with no ap-
parent phenotypic effects.
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Low-Penetrance Branches in Matrilineal Pedigrees
with Leber Hereditary Optic Neuropathy

To the Editor:
Leber hereditary optic neuropathy (LHON; MIM
535000) is an inherited form of bilateral optic atrophy
in which the primary etiologic event is a mutation in the
mitochondrial genome (reviewed by Riordan-Eva et al.
1995; Nikoskelainen et al. 1996; Howell 1997a, 1997b).
It has been recognized, since the earliest studies of
LHON (Leber 1871), that the penetrance is incomplete.
It is now understood that this incomplete penetrance
reflects a complex etiology and that multiple secondary
factors modify or determine the manifestation of the
optic neuropathy in LHON (reviewed by Howell 1997a,
1997b).

The identification of these secondary etiologic factors
has been difficult, but heavy smoking and alcohol con-
sumption have received epidemiological support (e.g.,
see Johns 1994). It appears, however, that there are nu-
merous, but poorly defined, physiological, environmen-

tal, societal, and demographic “life style” factors that
modify the risk of optic neuropathy. For example, there
has been a relatively recent (i.e., during the second half
of this century) parallel decline in penetrance among
Australian LHON families and in the incidence of a
pathologically similar, acquired optic-nerve disorder, to-
bacco-nutritional amblyopia. This trend suggests that
there is a common factor in their etiology (Mackey and
Howell 1994). In addition, penetrance in LHON fam-
ilies from different northern European countries varies
more than twofold (e.g., see Mackey et al. 1996). Even
within a single country, such as Australia, there are sub-
stantial penetrance differences among 11778 LHON
families (Howell et al. 1993).

We have been analyzing penetrance in large, multi-
generation Australian and British LHON families, as one
approach to the elucidation of these secondary etiologic
factors. A previously undescribed pattern of results was
obtained during this survey, and we describe here the
occurrence of distinct low- (and high-) penetrance
branches in LHON pedigrees.

The TAS1 LHON family is the largest matrilineal ped-
igree that has been assembled. It spanned 11 generations
by the early 1990s, and it now comprises 11,600 ma-
ternally related individuals, all of whom are descended
from a woman who was born in 1777 (III-12 in fig. 1;
also see Mackey and Buttery 1992). This LHON family
carries the primary mutation at nucleotide 11778 of the
mitochondrial ND4 gene (Mackey 1994). Because this
family has been located within a relatively small geo-
graphical area, because of the good clinical record keep-
ing, and because of the high level of compliance and
cooperation on the part of the family, we are confident
about the identification of affected and unaffected family
members. However, there is an inherent uncertainty in
all studies of LHON penetrance, which results from the
variable and unpredictable age at onset, spanning the
1st through 8th decades, with a mean in the mid 20s
(e.g., see Riordan-Eva et al. 1995; Nikoskelainen et al.
1996). Therefore, LHON carriers (especially males) are
always at risk, and there is no age at which one can
state with absolute confidence that a family member will
remain unaffected.

To control, as much as possible, for the confounding
factors in the analysis of penetrance, we have applied
the following guidelines. In the first place, we limited
our penetrance calculations to males who were 130 years
of age, to include only those individuals who were past
the age of maximum risk. The number of affected fe-
males is generally too low, even in the largest LHON
families, to provide robust information on penetrance,
and they were excluded from the present study. Second,
we define here “affected” and “unaffected” in terms of
a significant vision loss whose characteristics are com-
patible with LHON. There are subtle, subclinical
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Figure 1 High- and low-penetrance branches in the TAS1
11778-mutation LHON family. This partial pedigree has been drawn
to show the genealogical origin of the branches in which there is an
unusually low (L1–L4) or high (H1 and H2) penetrance of the optic
neuropathy in male family members. Some of the female origins of
family branches are shown, with pedigree designations that follow
standard numbering schemes (in which the generation designation is
denoted by a Roman numeral). The fractions beneath the low- and
high-penetrance branches refer to the number of affected (numerator)
and total (denominator) males within that particular branch.

changes in the eye (most prevalently, a microangiopathy;
see the discussion in Riordan-Eva et al. 1995; Nikoske-
lainen et al. 1996) that are found at high frequency in
LHON family members, but these are not considered
here. Ongoing clinical studies of the TAS1 LHON family
give no indication that the present results are biased by
a high frequency of atypical or unreported ophthal-
mological abnormalities. Finally, significant recovery of
vision is very rare in 11778-mutation LHON patients
(reviewed in Howell 1997a, 1997b), and there is no
indication that the penetrance frequencies in the TAS1
LHON family have been biased by this phenomenon.

Analysis of the TAS1 pedigree revealed that there are
low-penetrance four branches (designated “L1”–“L4”),
in which the penetrance of the optic neuropathy has
essentially dropped to zero (fig. 1). A branch is defined
here as the descendants of any female in a matrilineal
pedigree; the descendants span at least four generations,
to provide sufficient information for the determination
of penetrance. There is only a single affected male among
the L1, L2, L3, and L4 branches, which include a total
of 17, 43, 22, and 24 males, respectively. This individual
lost vision soon after suffering head trauma in an au-
tomobile accident, a severe precipitating factor. For com-
parison, we ascertained the penetrance in the more typ-

ical (designated here as “medium-penetrance”) branches
of the pedigree. Whereas the L2 branch (which starts
with female VI-18) contained 1 affected male among a
total of 43, there were 9 affected males, among a total
of 53, in the branch that descended from female V-7 and
that spans generations VI–IX (this female is not desig-
nated in fig. 1). This difference in penetrance frequencies
is statistically significant ( ; 2#2 x2 test, adjustedP ! .05
for continuity). These statistical tests must be treated
with caution, however, because it is difficult to rule out
post hoc bias in the identification of low-penetrance
branches. We attempted to address this concern by fur-
ther analysis of penetrance in the TAS1 pedigree. Thus,
the L4 branch is one of several branches that descend
from female V-1, and the penetrance is ∼12% among
males in the other branches that descend from her. In a
similar fashion, the penetrance among the descendants
of females V-18 and V-57 is 15% and 16%, respectively
(these females are not designated in fig. 1). Female V-21
gave rise to two branches if one distinguishes the de-
scendants from her two marriages, and the approximate
penetrance values are 33% (which includes the H1 and
H2 branches; see fig. 1 and the results given below) and
20%. Therefore, in the comparison of branches of sim-
ilar size, the low-penetrance branches stand out clearly,
a result that argues against severe bias.

The evidence for low-penetrance branching is further
supported when the results for all four branches are
pooled and the results are compared with the overall
penetrance in the matrilineal pedigree. Thus, there is 1
affected male among the total of 106 males in the four
branches (a penetrance of ∼1%), whereas there are ∼200
affected males among a total of ∼800 in the medium-
and high-penetrance branches of the TAS1 pedigree (an
overall penetrance of ∼25%). The actual difference in
penetrance values is larger, because the estimate of 25%
is not adjusted upward to account for those males who
are !30 years of age.

There may also be high-penetrance branches, al-
though, because of the small number of family members
in these branches, this possibility is less robust. There
are in the TAS1 family two small branches (designated
“H1” and “H2”) in which the penetrance was unusually
high. Thus, in the small H2 branch, 12 (67%) of 18
males were affected. Only 3 (30%) of 10 males were
affected in branch H1, but 5 (25%) of 20 females were
also affected.

The most obvious explanation for the low-penetrance
branches in the TAS1 pedigree is heteroplasmy of the
11778 mutation in the early generations. The pathogenic
mutation could have segregated into both homoplasmic
mutant and homoplasmic wild-type branches (this sit-
uation has occurred in the QLD2 11778 LHON family,
as described in Howell et al. 1995, p. 298). To test this
possibility, we analyzed DNA from seven members of
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low-penetrance branches and from two members of
high-penetrance branches. In brief, our approach in-
volves both PCR amplification of short (300–400 bp)
spans of the mitochondrial genome and subsequent se-
quencing analysis of multiple, independent M13 clones
that contain the mtDNA insert (e.g., see Howell et al.
1991, 1995). For these nine TAS1 LHON family mem-
bers, the DNA sequences of 1400 independent mtDNA
inserts that contained a short segment of the ND4 gene
were determined. It was found that all of them carried
the 11778 mutant allele. Furthermore, restriction-site as-
says of another 40 TAS1 LHON family members have
confirmed that the 11778 primary mutation is homo-
plasmic in all family members (data not shown). Fur-
thermore, tissue-distribution studies indicate that mu-
tation load in blood either reflects the levels in other
tissues (Juvonen et al. 1997) or is lower than those in
other tissues (Howell et al. 1994). Thus, the cumulative
results show that the low penetrance in some branches
of the TAS1 family is not due to segregational loss (or
reversion) of the 11778 mutant allele.

We then extended the sequencing analysis to search
for a second site, or suppressor, mitochondrial gene
mutation. Family members from the low-penetrance
branches may carry a secondary mutation that pheno-
typically suppresses the pathogenic effects of the 11778
mutation. For example, a suppressor mutation might
have arisen in a common maternal ancestor, persisted in
the heteroplasmic state for several generations, and even-
tually become fixed in some branches of the matrilineal
pedigree, but not in others, as a result of segregation in
the germ line. There are results that suggest the occur-
rence of mitochondrial suppressor mutations. Thus, the
QLD1 LHON family carries, at nucleotide 4160 of the
ND1 gene, a mutation that is associated with the severe
neurological abnormalities (Howell 1994). A putative
intragenic suppressor mutation at nucleotide 4136 has
arisen in one small branch (Howell et al. 1991). In ad-
dition, Hammans et al. (1995) and El Meziane et al.
(1998) have reported suppressor mutations of a path-
ogenic tRNA mutation.

Six overlapping, PCR-amplified fragments of the mi-
tochondrial genome, which cumulatively spanned nu-
cleotides 10435–12373 (numbered according to Ander-
son et al. 1981), were analyzed for each of the five TAS1
LHON family members. This 1.9-kb span of the mtDNA
included the 3′ half of the tRNAArg gene, the ND4L gene
(nucleotides 10470–10763), the ND4 gene (nucleotides
10760–12137), a cluster of three butt-joined tRNA
genes (tRNAHis, tRNASer[AGY], and tRNALeu[CUN]), and the
first 36 nucleotides of the ND5 gene. Multiple (x10)
independent clones were sequenced for each of the six
mtDNA fragments and for each family member, in an
effort to detect heteroplasmic mutations. No new se-

quence changes were detected in any of the five family
members. The sequence of this span of the mitochondrial
genome was identical for all family members, including
the presence of a rare, silent polymorphism at nucleotide
11788. Among the 1200 pedigrees (control and LHON)
that we have screened, this polymorphism thus far is
unique to the TAS1 LHON family, and we have thus
verified that the members of the low-penetrance
branches are indeed of the correct maternal lineage.

Finally, we have begun a wider search for an intergenic
mitochondrial suppressor mutation. The first fragment
that we analyzed, which spanned nucleotides 3286–
3564, included the site of the primary LHON mutation,
at nucleotide 3460; the second fragment that we ana-
lyzed, which spanned nucleotides 4027–4294, included
the sites of both the pathogenic mutation, at nucleotide
4160, and the putative suppresser mutation, at nucle-
otide 4136, as well as that of the putative secondary
LHON mutation, at nucleotide 4216 (Johns and Berman
1991); the third fragment that we analyzed, which
spanned nucleotides 14381–14699, included the site of
the primary LHON mutation, at nucleotide 14484, and
several other sites at which pathogenic mutations have
been identified (see the discussion in Howell et al. 1998).
The TAS1 mtDNA does not carry any of the aforemen-
tioned “accessory” LHON mutations, and there were
no new mutations in these regions of the mitochondrial
genome, among any of the low- and high-penetrance
family members who were analyzed.

In addition to the results for the TAS1 LHON family,
there are other examples of low-penetrance branches in
LHON families. We have also observed that low-pen-
etrance branches apparently occur in the large 14484-
mutation TAS2 LHON family (D. A. Mackey, unpub-
lished data), which comprises ∼700 maternally related
individuals (Mackey and Buttery 1992). As one example,
none of the 28 males (x30 years of age) who have
descended from female VII-22 have lost vision (authors’
unpublished data). We are continuing our analysis of the
TAS2 pedigree, because penetrance in 14484-mutation
LHON families is more difficult to quantitate with ac-
ceptable certainty, because of the high frequency of vi-
sion recovery. It becomes more difficult to distinguish a
true lack of vision loss from a mild vision loss and rapid
recovery, particularly when one must rely, in part, on
second-hand information about vision status in relatives.
Inspection of pedigree data in the literature also suggests
the presence of low-penetrance branches that have been
unremarked until now (see, especially, pedigrees XX and
XXVIII in van Senus 1963).

Overall, therefore, it appears that low-penetrance
branching in LHON matrilineal pedigrees is a biologi-
cally “real” phenomenon. One explanation is that the
low-penetrance branches are real but that there are dif-
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ferent epigenetic and/or environmental factors that
lower the penetrance in each branch. Alternatively, low-
penetrance branching may be due to the introduction of
a nuclear genetic suppressor locus. This explanation,
however, is problematic, because each low-penetrance
branch involves a number of outbreeding events (i.e.,
marriages), which should act to “localize” any effects of
a dominantly acting nuclear locus to one or two gen-
erations. Third, low-penetrance branching may be
caused by a mitochondrial suppressor locus, but one that
lies in a mitochondrial genome region that was not se-
quenced in the experiments that are reported here. Thus
far, we have sequenced (a) only approximately one-third
of the mitochondrial genome that encodes the seven su-
bunits of complex I (NADH-ubiquinone oxidoreduc-
tase) or (b) only approximately one-fifth of the entire
coding region.

The suggestion of a mitochondrial mutation that de-
creases penetrance in the TAS1 LHON family converges
with the related issue of phylogenetic clustering. Both
the 11778 mutation and, especially, the 14484 LHON
mutation occur more often in European haplogroup J
mtDNA backgrounds than would be expected on a ran-
dom basis (although the TAS1 mtDNA haplotype does
not belong to this haplogroup). There is debate over the
basis of this clustering phenomenon (see the discussion
in Howell et al. 1995 and Mackey et al. 1998), but
Brown et al. (1997) and Torroni et al. (1997) have con-
cluded that LHON penetrance is influenced by the
mtDNA background in which the pathogenic mutations
arise. Thus, the apparent underrepresentation of some
mtDNA haplotypes among LHON patients is caused by
low penetrance, because of one or more sequence
changes within these mtDNAs. As a consequence of the
lower penetrance, fewer pedigrees come to the attention
of clinicians. Within the haplotype J mtDNA, the site(s)
that influences penetrance has not been identified, but
the basic premise is similar to that proposed here to
explain the presence of low-penetrance branches within
a single LHON pedigree. In summary, the present results
underscore both the complex etiology of LHON and the
fact that the identification of the secondary etiologic fac-
tors is a prerequisite for a further understanding of this
disorder.
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Double Heterozygotes for the Ashkenazi Founder
Mutations in BRCA1 and BRCA2 Genes

To the Editor:
Three Jewish founder mutations, 185delAG and
5382insC in BRCA1 and 6174delT in BRCA2 genes,
have been identified in breast cancer (BC) and ovarian
cancer (OC) Ashkenazi patients. In the Ashkenazi gen-
eral population, the carrier frequencies of these founder
mutations are 1% for 185delAG (Struewing et al. 1996),
0.13% for 5382insC, and 1.35% for 6174delT (Roa et
al. 1996; Oddoux et al. 1996). Given these high pop-
ulation frequencies, one would expect to find individuals
homozygous for the mutations 185delAG/185delAG,
6174delT/6174delT, and 5382insC/5382insC, com-
pound heterozygous for 185delAG/5382insC, or double
heterozygous for 185delAG/6174delT or 5382insC/
6174delT, provided the individuals are viable. The effect
of two mutations in a single individual is important both
for an understanding of the mode of action and inter-
action between the BRCA1 and BRCA2 genes and for
appropriate genetic counseling. To date, two double het-
erozygous patients (185delAG/6174delT; Ramus et al.
1997; Gershoni-Baruch et al. 1997) and one patient ho-
mozygous for a mutation in exon 11 of the BRCA1 gene
(Boyd et al. 1995) have been reported.

By pooling results from four cancer/genetics centers
in Israel, we have analyzed ∼1,500 BC/OC Ashkenazi
patients. All subjects received genetic counseling and
signed informed consent forms in compliance with in-
stitutional ethics committees (institutional review
boards). Each patient was tested for the three Ashkenazi
founder mutations: in BRCA1, the mutations 185delAG
and 5382insC, and in BRCA2, the mutation 6174delT
(Abeliovich et al. 1997; Levy-Lahad et al. 1997; Bruchim
Bar-Sade et al. 1998). Four patients were found to be
double heterozygotes. Summaries of their clinical status
and pedigrees are presented in table 1 and figure 1.

Patient 1 is an Ashkenazi mother of two children who
was diagnosed with unilateral breast cancer at the age
of 38 years. Her family history was positive for both
OC, with which her mother was diagnosed at the age
of 50 years, and breast cancer, with which her paternal
aunt was diagnosed at the age of 60 years and her daugh-
ter at the age of 35 years. Her paternal grandfather had
lung cancer at the age of 45 years. A test for 185delAG/
6174delT in her father revealed neither mutation; DNA
could not be retrieved from the paraffin block of her
mother. Analysis of the polymorphic markers D17S855,
D17S1322, D17S1323, D9S55, and D11S1337 in the
father and in Patient 1 confirmed paternity. It was thus



Table 1

Genotypes and Clinical Status of the Patients

Individual Genotype Clinical Status
Age at Diagnosis

(years)

Patient 1 185delAG/6174delT BC 38
Mother of Patient 1 185delAG/6174delTa OC 50
Patient 2 185delAG/6174delT OC 57
Patient 3 185delAG/6174delT Healthy 50
Patient 4 5382insC/6174delT BC 45

a Inferred genotype.

Figure 1 Pedigrees of Patients 1, 3, and 4. In parentheses is the inferred genotype and the ages at diagnosis.



1226 Letters to the Editor

assumed that she had inherited both mutations from her
double heterozygous mother.

Patient 2 is a 57-year-old Ashkenazi woman who pre-
sented with stage IV OC. The patient is alive with no
evidence of disease 5 years after treatment. Her family
history includes breast cancer in her mother (age at di-
agnosis unknown). No further information was avail-
able. Patient 2 had irregular menses and primary sterility,
which were treated with low doses of steroids.

Patient 3 is a 50-year-old asymptomatic Ashkenazi
woman who was referred for evaluation of her breast
cancer risk before starting hormonal replacement ther-
apy for increasing loss in bone density. The maternal
family history was positive for ovarian, breast, pancreas,
stomach, and laryngeal cancers. Her father had prostate
cancer. The patient had idiopathic premature menopause
at the age of 37 years after bearing three children.

Patient 4 is a 46-year-old Ashkenazi woman who was
diagnosed with breast-infiltrating ductal carcinoma. The
family history was positive for cancer: hepatic carcinoma
at the age of 59 years in her mother and breast cancer
in her maternal grandmother. Two of her maternal cous-
ins and two more distant relatives had breast cancer at
the ages of 45, 48, and 42 years (the age at diagnosis
of one of the relatives is unknown). One of them is a
carrier of the mutation 5382insC. The others were not
available for mutation analysis.

As compared with carriers of single mutations, the
four double heterozygotes we observed did not have a
particularly severe phenotype, based on the tumor types
and age at diagnosis: one was unaffected at the age of
50 years; two were affected with unilateral breast cancer,
one at the age of 38 years and one at the age of 46 years;
and one was diagnosed with OC at the age of 57 years.
An inferred double heterozygote (the mother of Patient
1) had OC at the age of 50 years. None had more than
one primary tumor, and tumor histology and clinical
course were unremarkable. Two other 185delAG/
6174delT carriers were reported: one had BC and OC
diagnosed at the ages of 48 and 50 years, respectively
(Ramus et al. 1997); the other had bilateral BC at the
ages of 41 and 50 years, respectively (Gersoni-Baruch
et al. 1997).

Although the small number of cases precludes definite
conclusions, our results suggest that the phenotypic ef-
fects of double heterozygosity for BRCA1 and BRCA2
germ-line mutations are not cumulative. This is in agree-
ment with the observation that the phenotype of mice
that were homozygote knockouts for the BRCA1 and
BRCA2 genes was similar to that of mice that were
BRCA1 knockouts. This suggests that the BRCA1 mu-
tation is epistatic over the BRCA2 mutation (Ludwig et
al. 1997).

Interestingly, two of the double heterozygotes de-
scribed have had reproductive problems: one (Patient 2)

had primary sterility and irregular menses, and another
(Patient 3) had premature menopause at the age of 37
years. This latter patient was asymptomatic at the age
of 50 years. These preliminary observations raise the
possibility of hormonal effects in double heterozygotes,
including the possibility that the lack of estrogen may
have a protective effect.

At the population level, given the known heterozygote
frequencies in Ashkenazi Jews, the expected frequencies
of double heterozygotes would be the multiplication of
the heterozygote frequencies 185delAG/6174delT (1.35
# 1024) and 5382insC/6174delT (1.75 # 1025). The
expected frequencies of BRCA1 and BRCA2 homozy-
gotes will be the multiplication of the mutation fre-
quencies (approximately one-half of the heterozygote
frequency), which are 2.5 # 1025 for 185delAG ho-
mozygotes and 4.6 # 1025 for 6174delT homozygotes.
Therefore the ratio of 185delAG/6174delT double het-
erozygotes and 6174delT and 185delGA homozygotes
is 3:1:0.5, respectively. Namely, the double heterozy-
gotes should be about three to six times more common
than the homozygotes 185delAG or 6174delT. In this
respect, we might have expected to observe 185delAG
or 6174delT homozygotes. The fact that we did not
observe these or any other homozygotes may be due to
chance, and more patients should be tested before a ho-
mozygous patient is found or, alternatively, before ho-
mozygosity for 185delAG or 6174delT decreases via-
bility or causes different phenotypic consequences.

The clinical implication of this study is that mutation
analysis in Ashkenazi Jews should include all known
founder mutations. Identification of additional carriers
of more than one mutation will increase our understand-
ing of the interaction between various mutations and
will improve genetic counseling.
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Figure 1 Pedigree of family analyzed in this study. Unblackened
symbols indicate unaffected individuals, and blackened symbols in-
dicate affected individuals. Nine family members (II-7, III-2, III-3, III-
4, IV-1, IV-2, IV-3, IV-4, and IV-5) were examined in 1973.
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Partial Triplication of mtDNA in Maternally
Transmitted Diabetes Mellitus and Deafness

To the Editor:
Maternally inherited diabetes and deafness (MIDD) is a
recently recognized subtype of diabetes mellitus (DM)

that is associated with mtDNA mutations (Maassen et
al. 1997). The first mtDNA defect described for MIDD
was a deletion associated with a duplication of the
mtDNA in a family presenting DM and deafness over
three generations (Ballinger et al. 1992, 1994). Subse-
quent to this observation, a mutation in nucleotide (nt)
3243 was reported in several pedigrees presenting DM
and deafness (Reardon et al. 1992; van den Ouweland
et al. 1992; Kadowaki et al. 1993). We report a partial
tandem triplication of 9.2 kb in one member of a family
presenting MIDD associated with a tandem duplication
of 4.6 kb.

In 1966, a 44-year-old man (II-7) of Italian origin was
hospitalized for insulin-dependent DM and hearing loss.
In 1973, his nephew (III-2), who was born in 1932, was
hospitalized for non–insulin-dependent DM and deaf-
ness. At that time, the morbid association led to a study
of the pedigree (fig. 1), which showed transmission of
DM and deafness over four generations, with a total of
13 affected individuals (Kressmann 1976). Seven indi-
viduals from the pedigree (III-3, III-4, IV-1, IV-2, IV-3,
IV-4, and IV-5) were examined by clinicians. The clinical
history was the same for all affected patients: the first
manifestation was deafness, beginning at 20–30 years
of age, with a rapid and severe increase in bilateral sen-
sory hearing loss. DM developed later in the 3d decade,
and insulin was required either immediately or at a later
date. At that time, the individuals from the fourth gen-
eration, who were !20 years of age, presented no deaf-
ness or DM. No pedigree member had ptosis, ophthal-
moplegia, or muscle weakness. Recently, the maternal
inheritance pattern of DM and deafness in this family
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Figure 2 a, mtDNA of patient 1, digested with PvuII or BamHI and probed with an mtDNA probe, probe A and probe B. The mtDNA
showed additional fragments of 4.6 kb (PvuII digest) and 21.2 kb (BamHI digest), respectively, that are consistent with a partial duplication
of 4.6 kb. b, mtDNA of patient 2. A supplementary band of 25.8 kb was visualized with BamHI digestion. This band was detected after
hybridization with probe A included in the duplicated region (nts 2630–3353) and with probe B not retained in the duplicated segment (nts
7392–8351), thus ruling out circular deleted monomers or dimers. c, Digestion with EcoRI. For the control DNA, the expected fragments of
8, 7.3, and 1 kb are shown (the 1-kb band is not visualized). The mtDNA of patient 1 shows a supplementary band of 12.6 kb labeled with
probe A but not with probe B, corresponding to the partially duplicated molecule. For patient 2, one additional band of 17.2 kb was evidenced
with probe A but not with probe B. This is interpreted as a new mtDNA species harboring a tandem repetition of the 4.6-kb duplicated sequence
of patient 1.

was noticed, and three patients were examined again by
clinicians. Patient 1 (IV-1), 40 years old, and patient 2
(III-1), 65 years old, presented severe deafness and DM
that, with time, required insulin. Patient 3 (IV-2), 36
years old, had moderate bilateral sensory hearing loss
and subnormal glucose tolerance.

Histopathological studies of the skeletal muscle biopsy
specimens from patients 1 and 2 showed no ragged red
fibers, a complex IV enzymatic deficiency in a few fi-
bers, and very limited lipid storage on electron micros-

copy. Neither mitochondrial hyperplasia nor inclusions
were observed. No abnormalities were observed for
patient 3.

Total DNA was extracted from the muscle biopsy
specimens and blood of the three patients. The search
for the mtDNA mutation in the tRNAleu(UUR) gene at nt
3243 was performed in accordance with a protocol de-
scribed elsewhere (Ciafaloni et al. 1991). For Southern
blotting, 5 mg of total muscle DNA and 10 mg of blood
DNA were digested with restriction enzyme PvuII (nt
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Figure 3 a, PCR products obtained after amplification with primers 5 and 6. A 6.8-kb band was detected in control DNA. For patient
2, two supplementary bands of 11.4 kb and 16 kb were present, thus confirming the results of the Southern blot analysis, with regard to the
existence of mtDNA molecules linked to one (duplicated species) or two (triplicated species) rearranged molecules of 4.6 kb. “M1” and “M2”
indicate the molecular-weight markers. Lane M1, Phage l, digested with HindIII. Lane M2, Raoul. Lane C, Control DNA. Lane 2, Patient 2.
b, Sequence across the duplication junction of patient 1. The sequencing of the cloned 369-bp PCR products obtained after amplification with
primers 3 and 4 showed a normal sequence for region 3274–3577. Subsequent nts corresponded exactly to region 15547–15600. The duplication
junction is a perfect direct repeat of 10 nts, located in regions 3568–3577 (ND1 gene) and 15537–15546 (Cyt b gene). The boxed region
indicates the 10-bp perfect direct repeat. The normal sequences of ND1 and Cyt b correspond to the left and right sequences, respectively. The
same 369-bp PCR products were sequenced in patients 2 and 3, and identical results were obtained.

2650), BamHI (nt 14258), or EcoRI (nts 4121, 5274,
and 12640), in accordance with the manufacturer’s rec-
ommendations; were separated by gel electrophoresis;
and were blotted onto nylon membrane (Hybond N1,
Amersham). Hybridization was performed with a ran-
dom-primed 32P-labeled mtDNA probe (Lutfalla et al.
1985) and with two random-primed 32P-labeled mtDNA
probes derived from PCR products spanning nts
2630–3353 (probe A) and nts 7392–8351 (probe B).
Quantification was performed with a Phosphor Imager
(Molecular Dynamics) by scanning of the nylon filters
of the BamHI digests hybridized with probe B. PCR
analyses of the duplicated region were performed on
muscle and blood samples by use of two different cou-
ples of primers (primer 1, nts 2630–2650, 5′-GAA TGG
CTC CAC GAG GGT TC-3′, and primer 2, nts
16255–16274, 5′-CCT AGT GGG TGA GGG GTG GC-
3′; primer 3, nts 3274–3293, 5′-ACA GTC AGA GGT
TCA ATT CC-3′, and primer 4, nts 15581–15600, 5′-
GGG ACG GAT CGG AGA ATT GT-3′). Amplification
conditions were 30 cycles of 1 min at 937C, 1 min at
627C (primers 1 and 2) or at 557C (primers 3 and 4),

and 2 min at 727C, with 2.5 U of Taq polymerase (Pro-
mega). The PCR products obtained with primers 1 and
2 were analyzed with restriction enzymes BclI (nts 3658,
7657, 8591, and 11921), EcoRI (nts 4121, 5274, and
12640), EcoRV (nts 3179, 6734, and 12871), KpnI (nts
2573, 16048, and 16121), and XhoI (nt 14955). The
369-bp PCR fragment obtained after amplification with
primers 3 and 4 was cloned into the pGEM-T vector
(Promega) and was used as a template for dideoxy se-
quencing using the T7 sequencing kit (Pharmacia), in
accordance with the manufacturer’s specifications, to re-
veal the duplication junction. To amplify all length var-
iants of the mtDNA molecules (normal, duplicated, and
triplicated) in patient 2, a long PCR was performed with
a DNA thermal cycler (Robocycler, Stratagene) and the
Expand Long PCR Template PCR system (Boehringer
Mannheim), by use of the manufacturer’s recommen-
dations modified as described elsewhere (Fromenty et al.
1996). The amplification conditions were 35 cycles for
30 s at 937C, 30 s at 667C, and 17 min at 687C. The
primer pair comprised primer 5 (forward primer), nts
13949–13972, 5′-CCT ATC TAG GCC TTC TTA CGA
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Figure 4 Schematic representation showing the normal mitochondrial genome (16.6 kb), the partially duplicated mtDNA molecule (21.2
kb) found in the three patients, and the abnormal molecule harboring the triplication (25.8 kb) in patient 2. The PvuII, BamHI, and EcoRI
sites and the locations of probe A (nts 2630–3353) and probe B (nts 7392–8351) are indicated. The curved lines indicate the regions corresponding
to the EcoRI digests of 12.6 kb and 17.2 kb, for the Southern blot analysis of patient 2. Black boxes indicate the genes involved in the
rearrangement in the normal molecule and the duplicated or triplicated fragments in the rearranged genomes.

Figure 5 DNA sequences of perfect direct repeats located across
breakpoint junctions of the mtDNA reported in the literature and
showing a polypyrimidine tract (1) in the common deletion (Schon et
al. 1989); (2) in the family described here and in two other cases of
duplication/deletion associated with myopathy (Fromenty et al. 1996;
Manfredi et al. 1997); (3) in a case of duplication/deletion associated
with DM (Ballinger et al. 1992, 1994); and (4) in a duplication as-
sociated with DM and myopathy. “R,” reported as 6/8 in (4), corre-
sponds to a ratio of 13/18 if the entire imperfect direct repeat of 18
nts is considered (Dunbar et al. 1993). “R” indicates the number of
pyrimidines in the direct repeat of the light-strand DNA template.

GCC-3′, and primer 6 (reverse primer), nts 4207–4186,
5′-GTA ATG CTA GGG TGA GTG GTA G-3′.

None of the patients carried the pathogenic point mu-
tation at nt 3243. On the other hand, the results of
Southern blot analysis of muscle DNA from patients 1
and 3, digested with restriction enzymes PvuII and
BamHI, were consistent with a partial duplication of a
4.6-kb region of mtDNA that included the PvuII restric-
tion site (nt 2650) but not the BamHI site (nt 14258)
(fig. 2a). Southern blot analysis of skeletal muscle DNA
from patient 2 unexpectedly revealed an additional 25.8-
kb band on BamHI digestion (fig. 2b), which could cor-
respond to either (1) an undigested circular deletion
monomer or dimer, (2) a second, larger duplicated mol-
ecule, or (3) an additional insert of 4.6 kb corresponding
to a partially triplicated molecule. Hybridization of the
25.8-kb band with a probe not included in the dupli-
cation (probe B) ruled out a circular deletion monomer
or dimer. The possibility of a second species duplication
also was ruled out, because an abnormal band 14.6 kb
was not detected with the PvuII digest, and only one
band was obtained by PCR when primers 3 and 4 were
used. The possibility of an mtDNA triplication in patient
2 was confirmed by digestion of the DNA, with EcoRI,
which gave two additional fragments, compared with
that of the control (fig. 2c): one fragment, of 12.6 kb,
corresponded to the partial duplication also found in
patient 1, and the other, of 17.2 kb, was consistent with
an mtDNA molecule linked to two partially duplicated
molecules. The triplication was confirmed further by
means of long PCR using primers 5 and 6 (fig. 3a). PCR
analysis and sequencing showed that the breakpoint
junction was located between the ND1 gene and the
cytochrome (Cyt) b gene at a 10-bp perfect direct repeat
(fig. 3b). These results indicate the presence of three spe-
cies of mtDNA molecules in patient 2: a normal molecule

(16.6 kb), a rearranged molecule (21.2 kb) that contains
an additional 4.6-kb fragment corresponding to a partial
tandem duplication, and a rearranged molecule (25.8
kb) that contains two copies of the 4.6-kb fragment cor-
responding to a partial triplication (fig. 4). The propor-
tion of duplicated mtDNA in muscle was 42% for pa-
tient 1 and 61% for patient 2. The proportion of
triplicated molecules was only 6% for patient 2. In
blood, the proportion of duplicated molecules was 52%
for patient 1 and 67% for patient 2. No triplicated mol-
ecules were detected in the blood.

Partial triplication of human mtDNA is an extremely
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rare event. Only two cases have been reported previ-
ously: one in cell culture (Holt et al. 1997) and a second
identified from autopsy material from a clinically asymp-
tomatic individual (Tengan and Moraes 1998). The mo-
lecular mechanisms leading to large-scale rearrange-
ments have not been well characterized yet, and models
of slippage mispairing or illegitimate recombination
events have been proposed (Shoffner et al. 1989; Poulton
et al. 1993). Nevertheless, the origin of slippage mis-
pairing still remains elusive. Like other reported exam-
ples of large-scale rearrangements (fig. 5), our direct
repeat harbors a long polypyrimidine (L strand)/poly-
purine (H strand) sequence. We suggest that the second
direct repeat (polypyrimidine/polypurine tract) could in-
teract with the first direct repeat to form a triple helix
(H DNA) and leads thereafter to the first tandem du-
plication. The repetition of this mechanism then could
lead to the triplication.

A major cause of diabetes in DM and deafness seems
to be a decrease in ATP production in pancreatic b cells
that could be responsible for the decrease in insulin se-
cretion (Dukes et al. 1994; Gerbitz et al. 1996). Under
normal physiological conditions, the increase in blood
glucose concentration results in an increase in ATP pro-
duction in pancreatic b cells, which in turn leads to the
closure of K1 channels located in the cell membrane.
This closure induces a membrane depolarization and the
opening of voltage-dependent Ca21 channels. The influx
of Ca21 into b cells then stimulates insulin exocytosis.
In DM and deafness, gene defects lead to an oxydative
phosphorylation disturbance and eventually to de-
creased ATP production. The pathogenic role of dupli-
cated or triplicated mtDNA molecules in this context is
difficult to assess, because all of the mtDNA information
content is present in these rearranged molecules. In ad-
dition, some experiments have indicated a pathogenic
role only for mtDNA deletions (Manfredi et al. 1997).
Nevertheless, like others (Dunbar et al. 1993), we have
not detected any deleted molecules, and we cannot ex-
clude a possible respiratory-chain impairment secondary
to duplicated or triplicated molecules. Indeed, an in-
crease in lactate production in cell cultures that harbor
duplicated and triplicated mtDNA has been demon-
strated (Holt et al. 1997).
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Reply to Inglehearn

To the Editor:
In our article “Localization of a Novel X-Linked Pro-
gressive Cone Dystrophy Gene to Xq27: Evidence for
Genetic Heterogeneity” (Bergen and Pinckers 1997), we
presented evidence favoring a location, on Xq27, for a
cone dystrophy gene. This localization is questioned by
Dr. Inglehearn (1998) in his letter “LOD Scores, Loca-
tion Scores, and X-Linked Cone Dystrophy.” Although
Dr. Inglehearn makes a good (methodological) point, we
feel that the majority of his criticism is not justified.

Clearly, as Dr. Inglehearn states correctly, figure 2 in
our previous article (Bergen and Pinckers 1997) shows
a picture of the multipoint location scores rather than

of the multipoint LOD scores. Although the presentation
of location scores instead of multipoint LOD scores is
not wrong in itself, it is rather unconventional and there-
fore confusing. Thus, we agree that, with regard to a
multipoint location score of 10.8, the calculated mul-
tipoint LOD score is indeed 2.35. Obviously, for X-chro-
mosomal disorders, the latter score is still considered to
be significant.

Subsequently, Dr. Inglehearn calculates, on the basis
of the data presented, multipoint (maximum?) LOD
scores of 3.38 and 2.46 at DXS998, using different
LOD-score strategies. Unfortunately, additional calcu-
lations for other markers are not given. Both these LOD
scores for DXS998 are higher than the true multipoint
LOD scores calculated by us (maximum LOD score
[Zmax] of 2.35). Thus, in our article (Bergen and Pinckers
1997), our calculation of LOD scores and our choice of
parameters were in fact very conservative. Therefore, the
assertion by Dr. Inglehearn (1998) that “these data do
indeed suggest a locus for X-linked cone dystrophy in
this region but with rather less significance than Bergen
and Pinckers have stated” (p. 900) is not justified. Most
likely, the true findings for the Zmax score at DXS998
are somewhere within the range 2.35–3.38.

Dr. Inglehearn states that a second weakness of the
article is the order and placement of markers used in the
multipoint linkage analysis. However, this assertion is
based on out-of-date and incomplete genetic maps of the
region, as indicated by the references to literature pub-
lished in 1992 and 1994 (NIH/CEPH Collaborative
Mapping Group 1992; Gyapay et al. 1994), and there-
fore is not justified. Much more recent and up-to-date
consensus maps (Dib et al. 1996) place DXS998 ∼15
cM from the distal tip of the X chromosome and at least
7 cM proximal to the red cone pigment (RCP)/green
cone pigment (GCP) gene cluster.

In addition, in our article (Bergen and Pinckers
1997), data on two additional markers, DXS297 and
DXS1123, are presented. Both DXS297 and DXS1123
reveal higher (maximum two-point) LOD scores of 2.54
and 2.60, respectively, without recombination with
COD2, but these markers are ignored in the comments
by Dr. Inglehearn. Most likely, on the basis of recom-
bination counting, haplotype analysis, and marker-to-
marker analysis, both DXS297 and DXS1123 are part
of a cosegregating haplotype, together with DXS998 and
COD2. Although DXS297 and DXS1123 are not pres-
ent on the CEPH/Généthon consensus maps, at least two
independent reports in the literature (Richards et al.
1991; Donnelly et al. 1994) place DXS297 proximal to
the fragile X site, which is located on Xq27.3 (Dib et
al. 1996). Similar, although somewhat weaker, evidence
can be found for DXS1123. In contrast, the RCP/GCP
gene cluster is located on Xq28. In conclusion, there is
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convincing evidence that the marker order used by us
in our previous study is the (most) correct one.

On the basis of the likelihood data only (also see
above), sufficient evidence for the “most likely” presence
of a COD2 locus on Xq27 already existed; however,
special additional attention was given to markers sur-
rounding the RCP/GCP locus on Xq28, in view of the
relatively close genetic distance between COD2 and the
RCP/GCP cluster. Thus, the markers that very closely
flank (0.5 cM each) the RCP/GCP gene cluster—namely,
DXS8103 and DXS8069—were used. Again, this infor-
mation can be obtained easily by detailed study of recent
genetic databases.

On the basis of haplotype analysis only, the involve-
ment of RCP/GCP in this pedigree is very unlikely. Mark-
ers DXS8103 and DXS8069 are only 1 cM apart and
cosegregate with markers DXS52 and DXS1113, with-
out recombination in the pedigree, when the fewest num-
ber of recombination events are assumed (see fig. 1 in
Bergen and Pinckers 1997). If the RCP/GCP gene cluster
is involved in the X-linked progressive cone dystrophy
(XLPCD) in this pedigree, a double recombination event
would be assumed to have occurred between DXS8103
and DXS8069 (potentially revealed by the haplotype of
individual III-13/16). From multiple studies reported in
the literature and from our own segregation data of hun-
dreds of families, we know that such double recombi-
nation events on such a short stretch of DNA are ex-
tremely rare and occur in !0.1% of cases. Theoretically,
without consideration of genetic interference down-reg-
ulating recombination of closely linked loci, the “risk
for a double recombination” could be calculated as fol-
lows: (the chance of the first recombination occurring
in 1 cM) # (the chance of the second recombination
occurring in 1 cM) # (the number of meiosis in which
these recombinations potentially could occur). If we as-
sume that, in our pedigree, these recombinations could
have taken place in ∼5 meioses, which is the number of
female meiosis between the two larger branches of the
pedigree, then the overall risk for a double recombina-
tion not detected by our DNA analysis would be

, or 0.25%. If we consider.01 # 5 # .01 # 5 5 .0025
“genetic interference,” this figure most likely drops to
X0.1%, which is the figure given above. In conclusion,
on the basis of haplotype data and risk calculations, the
chance that RCP/RCG is involved in XLPCD in our
pedigree is X1:1,000.

Given the complete cosegregation of both DXS8103
and DXS8069 with both DXS1113 and DXS52, two-
point LOD scores for the first two markers and XLPCD
are similar to those for the last two markers, which are
given in our previous article (Bergen and Pinckers 1997).
At a recombination fraction (v) of .00, the LOD scores
were 23.40 (DXS8103) or 24.26 (DXS1113). For the
same markers, Zmax is reached at (LOD scorev 5 .05

1.22) and at (LOD score 0.57), respectively. Ifv 5 .10
equal distances between RCP/GCP and both DXS8103
and DXS8069 (0.005 cM each) are assumed, the
LOD scores would be 0.46 (DXS8103) and 20.377
(DXS8069) more than those for RCP/GCP.

Similar low(er) or negative LOD values are obtained
with multipoint linkage analysis, with different combi-
nations of various markers and RCP/GCP, different pa-
rameters, and different LOD-score strategies. Given the
fact that markers at the Xq27 cluster (DXS998,
DXS1123, and DXS297) reach a multipoint Zmax of
∼2.5, the markers at RCP/GCP should reach multipoint
LOD scores of 11.5 in order to be significant, according
to the so-called rule. Instead, ZmaxZ 2 1 LOD unitmax

scores at the RCP/GCP cluster remained !0.5. Thus, by
statistical means, the involvement of the RCP/GCP clus-
ter was excluded in this pedigree.

On the other hand, the involvement of a rare and
spontaneous Xq27/Xq28 dislocation or abnormal du-
plication(s) of the RCP/GCP gene cluster (as have been
described elsewhere) or of other rearrangements further
away from the RCP/GCP cluster or even other genetic
mechanisms involved in the XLPCD in this pedigree
could not and cannot yet be excluded. To obtain initial
evidence for the exclusion of these hypotheses, however,
Southern analysis with RCP/GCP cDNA was performed,
and no structural abnormalities were found. Although
this data alone does not exclude the involvement of RCP/
GCP, they do suggest that involvement of RCP/GCP is
even less likely, when considered in the context of the
evidence that we obtained earlier.

The authors welcome the suggestion by Dr. Inglehearn
that mutations or rearrangements upstream of the RCP/
GCP locus possibly could be implicated in this XLPCD
family, although our data suggest that such a genomic
abnormality must be very much further away than the
43 kb mentioned. In conclusion, although the possible
involvement of (regulatory elements of) the RCP/GCP
gene cluster in the described XLPCD pedigree certainly
is worth further investigation, the evidence accumulated
thus far suggests the presence of a separate and distinct
XLPCD locus, on Xq27.
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mtDNA Suggests Polynesian Origins in Eastern
Indonesia

To the Editor:
mtDNA evidence has previously been interpreted as pro-
viding strong support for a model of rapid expansion
of the Polynesian peoples from a homeland in Taiwan
or southern China ∼6,000 years ago into the remote
Pacific. Here, we argue that the evidence is consistent
with an alternative view, namely, that the Polynesian
expansion originated within the Indonesian archipelago.

Several studies have been published concerning the
settlement of the remote Pacific that use the phylogeo-
graphic analysis of mtDNA, either large-scale sampling
and control-region sequence analysis (Lum et al. 1994;
Redd et al. 1995; Sykes et al. 1995) or sequence-specific
oligonucleotide analysis (Melton et al. 1995). These have
distinguished two main hypotheses concerning Polyne-
sian origins. The first hypothesis, often referred to some-
what incongruously as the “express train to Polynesia”
(Diamond 1988), was proposed by Bellwood (1991,
1997). This suggests that the Polynesians originated in
a demic expansion of Austronesian-speaking agricultur-
alists from the southern China mainland, ∼6,000 years
ago, and spread successively to Taiwan, the Philippines,
eastern Indonesia, and then Melanesia, reaching Fiji by
∼3,500 years ago and radiating across the Pacific to fill
the Polynesian triangle by ∼1,000 years ago. They would

have absorbed and replaced the local hunter-gatherer
populations in Southeast Asia, who would have been of
Australo-Melanesian ancestry. The principal alternative
view, argued by Terrell (1986), is that the Polynesians
evolved locally in Melanesia or, at least, within the voy-
aging corridor between the mainland and the Solomon
Islands, defined by Irwin (1992).

Melton et al. (1995) and Redd et al. (1995) analyzed
the history of a COII/tRNALys intergenic 9-bp deletion
by means of a suite of characteristic control-region tran-
sitions at positions 16189, 16217, 16247, and 16261 of
the first hypervariable segment (according to the Cam-
bridge Reference Sequence; Anderson et al. 1981). They
referred to this as the “Polynesian motif,” because of its
high frequencies in Polynesia, despite its occurrence far-
ther west (Hagelberg and Clegg 1993; Redd et al. 1995).
They traced the origin of this motif to Taiwan and pro-
posed that this represented the Polynesian homeland, in
line with the Bellwood (1997) hypothesis, while ac-
knowledging that the motif itself probably arose in east-
ern Indonesia. Sykes et al. (1995) agreed in tracing the
origin of the motif to Taiwan but also pointed out that
the lack of the motif in Taiwan, Borneo, and the Phil-
ippines might complicate the issue. In addition, they
pointed out, along with Lum et al. (1994), that some-
what !5% of Polynesians had control-region sequences
derived from Melanesia. Furthermore, Sykes et al.
(1995) distinguished a third hypothesis, proposed by
Heyerdahl (1950), suggesting that Polynesian ancestry
may have been from South America, a view that received
little or no support from the mitochondrial evidence
(Sykes et al. 1995; Bonatto et al. 1996).

Although the evidence is therefore strong that Poly-
nesians derive most of their maternal lineages from
Southeast Asia, a fourth hypothesis has received little
attention. This view, in contrast to the “express train”
model of an agricultural expansion from Taiwan, sug-
gests that the Austronesian speakers originated neither
in southern China nor in Taiwan but toward the center
of island Southeast Asia, in the vicinity of the Sulawesi-
Mindanao region of the Philippines and Indonesia (Sol-
heim 1994) or perhaps over the entire region of island
Southeast Asia in which Austronesian languages are now
spoken (Meacham 1984–85). This would suggest that
the extant inhabitants of island Southeast Asia were the
descendants of earlier Pleistocene settlers rather than
of Neolithic people from the mainland. Meacham
(1984–85) cites the paucity of extant Austronesian
speakers on the southern Chinese mainland—or, indeed,
any historical evidence for their existence there—in sup-
port of this view. There is also anthropometric evidence
that Polynesians closely resemble island Southeast Asian
populations but not aboriginal Taiwanese or southern
Chinese populations (Pietrusewsky 1997).

Combining the published mitochondrial evidence al-
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Figure 1 Phylogenetic tree of mitochondrial sequence haplotypes containing the “Polynesian motif” in (a) eastern Indonesia, (b) Papua
New Guinea, and (c) American Samoa (data of Redd et al. 1995), in the part of the first hypervariable segment of the control region encompassing
bp 16090–16365. The circles represent sequence haplotypes, with area proportional to frequency. The links represent transitional mutations
(less 16,000) from the central motif sequence, which deviates from the Cambridge Reference Sequence by transitions at 16189, 16217, 16247,
and 16261 (labeled with an asterisk [*]).

Table 1

Divergence Time Estimates for the “Polynesian Motif” in Eastern Indonesia, Coastal Papua New Guinea,
Samoa, and the Cook Islands, and Its Ancestor Haplotype in Taiwan

Ancestral Sequence Haplotype Sampling Location N r

Mean
Divergence

Time t
(years)a

Central 95%
Credible Region

(years)a

16189–16217–16261 Taiwanb 14 1.14 30,500 17,500–47,000
16189–16217–16261–16247 Eastern Indonesiac 6 .83 17,000 5,500–34,500
16189–16217–16261–16247 Coastal Papua New Guineab,c 22 .23 5,000 1,500–10,000
16189–16217–16261–16247 Samoab,c 38 .13 3,000 1,000–6,000
16189–16217–16261–16247 Cook Islandsb 48 .04 1,000 0–3,000

a To the nearest 500 years. For divergence times based on samples sequenced over different extents of hyper-
variable segment I (HVS I), a weighted mutation rate was used: , where N1 and N2m 5 (N m 1 N m )/(N 1 N )1 1 2 2 1 2

are the numbers of samples sequenced over the two ranges and m1 and m2 are the rates appropriate to those ranges.
The credible regions (Berger 1985) encompass the central 95% of the posterior density of t, under the assumption
of a Jeffreys’ prior for t and a likelihood appropriate for a perfectly starlike coalescent tree. It should be noted
that the credible regions quoted on t do not take into account uncertainties in the mutation rate.

b Data are from Sykes et al. (1995), using a transition rate of 1 in 26,600 years for the truncated HVS I sequences
from positions 16189–16375.

c Data are from Redd et al. (1995), using a transition rate of 1 in 20,180 years (Forster et al. 1996) for HVS
I sequences from positions 16090–16365.

lows us to assess this model and to refine our model of
predominantly Southeast Asian origins of the Polyne-
sians. Although elevated to very high frequencies
throughout Polynesia, probably as a result of severe pop-
ulation bottlenecks and expansions, the Polynesian motif
is not exclusively Polynesian but also occurs at moderate
frequencies in island Melanesia, coastal New Guinea,
eastern Indonesia, and even Madagascar (Melton et al.
1995; Redd et al. 1995; Soodyall et al. 1995; Sykes et
al. 1995). The motif evolved, via a transition at position
16247, from a sequence haplotype characterized by tran-
sitions at positions 16189, 16217, and 16261. Whereas
the full motif itself is rather restricted geographically, the
ancestral haplotype and others derived from it are found
throughout island Southeast Asia, China, and even, at

low frequencies, as far afield as Mongolia and India
(Melton et al. 1995; Kolman et al. 1996). Its diversity
in Taiwan, calculated by use of the statistic r (Forster
et al. 1996), suggests a divergence time of ∼30,000 years,
although with a wide 95% credible region.

On the other hand, the Polynesian motif itself is much
more restricted geographically, with the highest diversity
in eastern Indonesia, a considerable decrease on the New
Guinea coast, and the lowest diversity in Polynesia. This
suggests that it arose in eastern Indonesia (Melton et al.
1995; Redd et al. 1995). Phylogenetic trees of the se-
quences characterized by the motif in the data of Redd
et al. (1995), from eastern Indonesia, Papua New
Guinea, and Samoa, are shown in figure 1. With these
data and those of Sykes et al. (1995), we can use the
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statistic r to calculate divergence times for the motif in
various regions (table 1). Whereas the ages estimated for
the populations of New Guinea, Samoa, and central
Polynesia are ∼5,000, ∼3,000, and ∼1,000 years, re-
spectively, indicating successive recent bottlenecks pre-
dicted by the hypothesis of expansion from the west, the
age for the population of eastern Indonesia (the Moluc-
cas and Nusa Tenggara) is much greater, ∼17,000 years.

Given the wide 95% credible regions associated with
these age estimates, one cannot, on the basis of these
data, confidently rule out either a Taiwanese or even a
Melanesian origin for the Polynesians, especially given
that much of island Melanesia has yet to be sampled.
Nevertheless, they lend little support to the “express
train” model. The most likely explanation for these data
is that, although the ancestry of the motif goes back to
the Southeast Asian Pleistocene era, the Polynesian ex-
pansion itself did not originate in either Taiwan or south-
ern China but within tropical island Southeast Asia—
most probably in eastern Indonesia, somewhere between
southeastern Borneo and the Moluccas, given the almost
complete absence of the full motif in western Indonesia
and the Philippines (Melton et al. 1995; Sykes et al.
1995). This might also explain the appearance of the
motif in Madagascar, in a population speaking an Aus-
tronesian language more closely related to Indonesian
than to Polynesian languages (Soodyall et al. 1995). It
is consistent with the hypothesis that the Austronesian
languages originated within island Southeast Asia during
the Pleistocene era and spread through Melanesia and
into the remote Pacific within the past 6,000 years.
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Figure 1 Schematic genealogy of the 986 modern-human
mtDNAs and a single Neanderthal mtDNA (the carrier of which lived
at time ts before the present). The MRCA of the entire sample was
inferred to be at least four times more ancient than the MRCA of the
modern sample—that is, (Krings et al. 1997).T x 4Tr e
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On the Probability of Neanderthal Ancestry

To the Editor:
The controversial relationship between Neanderthals
and modern humans recently received much attention,
owing to the recovery of a Neanderthal mtDNA frag-
ment, the analysis of which indicated that the most-
recent common ancestor (MRCA) of Neanderthal and
modern-human mitochondria was several times more
ancient than that of modern humans only (Krings et al.
1997; fig. 1). This finding was considered to be strong
evidence that Neanderthals and anatomically modern
humans are separate species, the latter having replaced
the former without interbreeding (“In our genes?” 1997;
Kahn and Gibbons 1997; Lindahl 1997; Wade 1997;
Ward and Stringer 1997). Here, I investigate the strength
of this evidence by considering the probability of erro-
neous rejection of interbreeding (i.e., the probability of
a type I error). I demonstrate that, although completely
random mating clearly can be rejected, more-relevant
models of interbreeding cannot.

The question of whether Neanderthals and anatom-
ically modern humans interbred is a question of ancient
levels of gene flow. Thus, although the relevant features
of the data can be conveniently summarized as in figure
1, this figure is not, a priori, a phylogenetic tree for
Neanderthals and humans: indeed, the question is
whether such a tree exists. Figure 1 is simply a genea-
logical tree representing the history of the sampled
mtDNA. In the following discussion, I ignore the con-
siderable uncertainty in the estimation of this history
and focus on the question of whether, given perfect
knowledge of mtDNA genealogy, we would be able to
conclude that anatomically modern humans and Ne-
anderthals did not interbreed.

First, I consider whether Neanderthals and anatomi-
cally modern humans could have mated randomly. Two
features of the data summarized in figure 1 provide ev-
idence against such a scenario: The first is the topology,
with the modern sample being monophyletic, and the
second is the more than fourfold difference between Tr,
the age of the MRCA of the modern humans and the
Neaderthal, and Te, the age of the MRCA of the modern
humans only. If anatomically modern humans and Ne-
anderthals mated randomly, the probability of such a
result can be calculated as follows. Let A (t) P {1,...,n}n

be the random number of ancestors, at time t, of a sam-
ple of n mtDNAs at ; its distribution is knownt 5 0
under a variety of neutral models (Tavaré 1984). Con-
ditional on , the number of ancestors of theA (t ) 5 k986 s

modern sample who are contemporary with the sampled
Neanderthal, the probability sought can be written as
the product of the probability that a compatible topol-

ogy is observed and the probability that sufficiently ex-
treme coalescence times are observed. The former prob-
ability is easily shown to be P [topology d A (t ) 5986 s

(this also may be obtained as a specialk] 5 2/ [k(1 1 k)]
case of more-general results [Watterson 1982; Saunders
et al. 1984]). An exact expression for the latter proba-
bility also can be obtained (T. Nagylaki and M. Nord-
borg, unpublished data) but is cumbersome and in some
cases difficult to evaluate numerically. Estimation of the
probability through standard Monte Carlo–simulation
techniques is more convenient (e.g., Marjoram and Don-
nelly 1997).

Two simple scenarios for human demography were
used—namely, constant population size and constant an-
cient-population size followed by exponential growth
50,000 years ago. For both cases, the effective number
of females in the constant population was assumed to
be 3,400, growing exponentially to for the latter85 # 10
case. These parameters were chosen so that the proba-
bility would be high that Te lies within the range
100,000–200,000 years, when a generation time of 20
years is assumed. The age of the sampled Neanderthal,
ts, was assumed to be 30,000–100,000 years (the re-
covery of DNA more ancient than 100,000 years seems
highly doubtful [Krings et al. 1997]). I argue below that
the absolute values of all these parameters are of con-
siderably lesser importance than their relative values.

Table 1 gives the results for models of random mating.
As expected, the probability that both a compatible to-
pology and an extreme difference between Te and Tr

would be observed is low, and, therefore, the hypothesis
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Table 1

Results for Models of Random Mating

PARAMETER

CONSTANT POPULA-
TION SIZE AND

ts (IN YEARS) 5

RECENT POPULATION

GROWTH AND

ts (IN YEARS) 5

30,000 100,000 30,000 100,000

E[A986(ts)] 4.86 1.75 782 2.86
P(topology) .085 .56 3.3 # 1026 .24
P(topology and

)T x 4Tr e .0063 .035 3.7#1028 .002

NOTE.—E[A986(ts)] is the expected number of ancestors of the mod-
ern sample who are contemporary with the sampled Neanderthal.
P(topology) is the probability that the topology in figure 1 would be
observed, and P(topology and ) is the probability that bothT x 4Tr e

unlikely features of the data would be observed. All values were es-
timated through Monte Carlo simulation, as well as by calculation
from the analytical results, except for those in the third column, for
which the latter approach proved to be computationally too difficult.
The 95% confidence intervals for the simulated values do not alter
the decimals given. In the constant–population-size model, the ex-
pected Te was ∼136,000 years, with an SD of ∼70,000 years; for recent
exponential growth, the expected Te was ∼180,000 years, with, again,
an SD of ∼70,000 years.

Figure 2 Probability of the data, if Neanderthals and anatom-
ically modern humans merged at time tm, with Neanderthals com-
posing a fraction, c, of the new population. The four curves are for
different demographic assumptions (see text) and values of tm: constant
population size, years (solid line); constant populationt 5 30,000m

size, years (dashed line); recent exponential growth,t 5 100,000m

years (dotted line [magnified in insert]); and recent ex-t 5 30,000m

ponential growth, years (dotted-dashed line). The plotst 5 100,000m

were calculated numerically by use of the known probability-gener-
ating function (Tavaré 1984), except for the third scenario, for which
Monte Carlo simulation was used because of computational
difficulties.

that modern humans and Neanderthals were a randomly
mating population may be rejected. However, closer in-
spection reveals the more interesting fact that the to-
pology alone may not be unlikely. The reason for this
is that, unless the sampled Neanderthal lived long after
human populations had started to grow exponentially,
most of the modern mtDNA lineages would have coa-
lesced at ts: if, for example, the modern sample only had
two ancestors who were contemporary with the sampled
Neanderthal, it would not be surprising if they were
monophyletic (probability of 1/3). A large difference be-
tween Te and Tr, on the other hand, is always unlikely
under random mating.

Thus, the data constitute considerable evidence
against the hypothesis that all sequences were drawn
from a single population. This perhaps should not be
surprising: the recovered Neanderthal sequence clearly
was not sampled from a random individual at time ts

but was sampled specifically from an individual who was
morphologically distinct from anatomically modern hu-
mans. Furthermore, fossil data strongly suggest that Ne-
anderthals and anatomically modern humans were not
a randomly mating population. To ask questions about
interbreeding, more-interesting null hypotheses are
needed. One pleasingly simple scenario is the following.
Assume that Neanderthals were an isolated population
for a long time, until they encountered anatomically
modern humans at time tm and merged with them to
form a single, randomly mating population, with a frac-
tion, c, of the population being Neanderthal. Then, the
so-called replacement hypothesis is simply that .c 5 0
The data in figure 1 are perfectly consistent with this

scenario; that is, the probability of the data is 1, without
interbreeding. However, this provides support for re-
placement only to the extent that alternative scenarios
can be shown to have a much lower probability. There-
fore, the probability of the data must be found for dif-
ferent values of .c 1 0

Under the assumption that the sampled Neanderthal
lived before tm (i.e., a “pure” Neanderthal), the proba-
bility sought is simply the probability that none of the
ancestors at time tm came from the Neanderthal fraction
of the population. This probability can be written as

, which is the probability-986 kO (1 2 c) P [A (t ) 5 k]k51 986 m

generating function for A986(tm). Figure 2 shows a plot
for the two demographic scenarios described above, with

or 100,000 years. Clearly, for the scenariost 5 30,000m

in which the expected number of ancestors at tm is low
(table 1), the data tell us little about interbreeding, ex-
cept perhaps that the Neanderthals did not make up the
majority. The situation is completely different if the ex-
pected number of ancestors at tm is high. In this case,
all but very small values of c may be rejected.

In cases for which we expect few ancestors at tm, the
probability that none of the 986 sampled mtDNAs came
from the Neanderthal fraction of the population does
not differ much from the probability that none of the
currently existing mtDNAs did so. This latter probability
is equal to the well-known probability that an allele
starting at frequency c is lost, through drift, by time tm

(Kimura 1955). Under this assumption, another question
of interest can be addressed: Given that extant humans
do not carry Neanderthal mtDNA, what does this sug-
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gest about the rest of the genome? For the constant–
population-size model, for example, assume that Ne-
anderthals and anatomically modern humans merged 1
coalescent-time unit ago (equivalent to t 5 68,000m

years, for the population size used above) and that Ne-
anderthals composed 25% of the new population. Then,
the probability that all Neanderthal mtDNA was lost
through drift is .52 (the probability that Neanderthal
mtDNA was not in the sample [calculated as above] is
the same, to two decimal places). At the same time, each
nuclear locus, for which the coalescence-time scale is
four times slower, would have lost all Neanderthal alleles
with probability .10 and would have become fixed for
them with probability . Thus, 90% would259.8 # 10
still be segregating for Neanderthal alleles.

In conclusion, data such as those shown in figure 1
shed little light on the issue of replacement versus in-
terbreeding, unless the number of ancestors of the sam-
ple was large throughout the periods of interest. This is
part of a general problem: in order to estimate gene flow,
a large sample is needed, and, in order to estimate an-
cient-gene flow, a large ancient sample is needed. Ac-
cording to coalescent theory, large ancient samples usu-
ally cannot be obtained by the sampling of modern
populations. The rate of coalescence is quadratic in the
number of ancestors and linear in the inverse of the
population size. Thus, the expected number of ancestors
of a sample usually decreases rapidly as earlier time
periods are studied. Exceptions include exponentially
growing populations, in which the number of ancestors
may be large shortly after the onset of growth (reviewed
in Donnelly and Tavaré 1995; Marjoram and Donnelly
1997). In the present case, it seems clear that the statis-
tical power to detect interbreeding that took place before
the human population started to grow exponentially is
close to zero.

I also have considered the mtDNA genealogy as
known. The extreme uncertainty of the reconstruction
of ancient DNA and the genealogy shown in figure 1
presumably suggests that conclusions from the data
should be made with even more caution. Additional Ne-
anderthal mtDNA sequence data would reduce these
sources of uncertainty, but the main problem discussed
above can be alleviated only by the study of data from
several unlinked loci. The fact remains that an inference
about population properties that is based on a single
locus (or a nonrecombining genome) is an inference from
a single data point. This does not mean that single loci
contain no information: I have shown that random mat-
ing can be rejected, and the existence of a single Ne-
anderthal mtDNA that differed little from modern
mtDNA would allow rejection of the hypothesis that
there was no interbreeding. Such an observation prob-
ably could never be made, however, since contamination
would be impossible to rule out.

Finally, the above analysis depends on the selective
neutrality of mtDNA variation. It is well known that
human mtDNA variation suggests a genealogy that is
“star shaped”: this has been interpreted as the result of
a historical population expansion (Di Rienzo and Wilson
1991; Merriwether et al. 1991; Vigilant et al. 1991; Rog-
ers and Harpending 1992). However, data from several
nuclear loci do not show this pattern (Harding et al.
1997; Hey 1997). Together, these observations may con-
stitute evidence against neutrality, with a plausible al-
ternative being a recent selective sweep in human
mtDNA (Hey 1997). The conclusions in this paper
clearly are not robust to this type of violation of as-
sumptions: if there has been a recent selective sweep in
human mtDNA, even random mating cannot be rejected.

Acknowledgments

I thank B. Bengtsson, A. Di Rienzo, P. Donnelly, R. Harding,
the reviewers, and especially T. Nagylaki, for their comments
on the manuscript. This work was supported by the Erik
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Do Human Chromosomal Bands 16p13 and 22q11-13
Share Ancestral Origins?

To the Editor:
Ancient duplications and rearrangements within a ge-
nome are believed to be important mechanisms of
evolution. Although most duplications are of gene seg-
ments, single genes, or chromosomal segments, mo-
lecular evidence has been gathered suggesting that
whole-genome duplication has facilitated evolution in
yeast (Wolfe and Shields 1997). Identifying these dupli-
cated genomic areas can be valuable not only for un-
derstanding the timing and nature of evolutionary
events; additionally, this information can greatly facili-
tate the pinpointing of novel (disease-related) genes by
positional cloning techniques.

While mapping and cloning the human gene encod-
ing the CREB-binding protein (CBP, encoded by the
CREBBP gene) on chromosome band 16p13.3 (Giles et
al. 1997b), we noticed an emerging pattern concerning
the genomic relationship between this chromosome band

and a region of chromosome 22q. CBP exhibits extensive
homology to the adenovirus E1A–associated protein
p300, whose gene has been mapped to human chro-
mosome band 22q13 (Eckner et al. 1994; Lundblad et
al. 1995). At that time we noted with interest that the
heme oxygenase-1 (HMOX1) gene, just centromeric of
CREBBP on 16p13.3, has a paralogue mapping to chro-
mosome band 22q12, heme oxygenase-2 (HMOX2;
Kutty et al. 1993). Our interest was further piqued when
the molecular defect in families with carbohydrate-de-
ficient glycoprotein type I syndrome (CDG1) was de-
termined to be caused by mutations in the phospho-
mannomutase 2 gene (PMM2) on 16p13 (Matthijs et al.
1997a); the same investigators had previously mapped
the first phosphomannomutase gene (PMM1) to 22q13
(Matthijs et al. 1997b). Sequence comparison at the
amino acid level revealed that homologies between these
paralogous proteins are high: homology between CBP
and p300 is 63% (Arany et al. 1995), that between
PMM1 and PMM2 is 66% (Matthijs et al. 1997a), and
that between HMOX1 and HMOX2 is 74% (authors’
observation). Subsequent examination of genome da-
tabases (e.g., OMIM) resulted in six additional sets of
paralogues mapping to chromosomes 16p13 and 22q11-
13, although the extent of homology between these par-
alogue sets is not known (table 1). YAC contigs con-
necting outlying genes of each paralogous cluster,
CREBBP to MYH11 on chromosome 16 and the CRYB
genes to PMM1 on chromosome 22, suggest that the
extent of the redundant area presented here is ∼12–14
Mb. Furthermore, CREBBP and MYH11 are also
thought to be near the borders for the conserved synteny
group in mouse chromosome 16 (Doggett et al. 1996).

We propose that the existence of these paralogous sets
suggests that chromosome bands 16p13 and 22q11-13
share ancestral origins and that at some point a large-
scale duplication gave rise to this second set of genes. It
is well established that such duplicated regions exist
(Lundin 1993; Holland et al. 1994), and a catalogue of
putative paralogous regions can be found on-line (Da-
tabase of Duplicated Human Chromosomal Regions).
This database suggests two duplicated regions for areas
of 16p: a well-documented gene cluster on chromosome
band 16p11.1, which shares high homology with a locus
on Xq28 (Eichler et al. 1996), and a region of 16p13,
which resembles 19p13, although no specific genes are
named.

A hypothesis set forth by Ohno (1993) suggests that
at the stage of fish, the mammalian ancestral genome
underwent tetraploid duplication. Although certain as-
pects of this hypothesis are not universally accepted,
most scientists agree that the fourfold increase, in
the number of genes, between invertebrates and
vertebrates implies at least two rounds of genome du-
plication (Aparicio 1998). Paralogues such as the HOX-
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Table 1

Paralogous Genes Mapped to Chromosome Bands 16p13
and 22q11-13

PARALOGUES

Gene/Chromosomea Gene /Chromosome DESCRIPTION

SSTR5/16p13.3 SSTR3/22q13.1 Somatostatin receptors
CREBBP/16p13.3 p300/22q13 Transcriptional cofactors
CSNK2A1′/16p13.3 CSNK1E/22q12-13 Casein kinase isoforms
UBE2I/16p13.3 UBE2L3/22q11.2-13.1 Ubiquitin-conjugating enzymes
PMM2/16p13.3 PMM1/22q13.1 Phosphomannomutase isoforms
HMOX2/16p13.3 HMOX1/22q12 Heme oxygenase isoforms
MYH11/16p13.13-13.12 MYH9/22q11.2 Myosin heavy-chain subunits
CRYM/16p13.11-12.3 CRYBB1/22q11.2-12.1 Crystallin isoforms

CRYB2/22q11.2-12.2
CRYB3/22q11.2-12.2
CRYBA4/22q11.2-13.1

IL4R/16p12 IL2RB/22q12 Interleukin receptors

a Listed from telomere to centromere

gene clusters, which are situated at four distinct chro-
mosomal loci, bolster this hypothesis. If the gene
redundancy observed on chromosomes 16 and 22 is a
result of Ohno’s proposed ancestral event, then one
might expect that two additional loci exist in the human
genome that shares at least partial homology. CBP and
p300 do, in fact, count two additional protein family
members, p270 (Dallas et al. 1997) and p400 (Barbeau
et al. 1994), although the genes for these proteins have
not yet been mapped. Candidate regions, however, can
be inferred from the literature. For example, clues can
be taken from the somatic translocation t(8;16)
(p11;p13.3), associated with acute myeloid leukemia,
which disrupts the CREBBP gene and fuses it to a gene
on chromosome 8, called “MOZ” (Borrow et al. 1996;
Giles et al. 1997a). Phenotype-identical variants of the
t(8;16) have been described: the t(8;22)(p11;q13), pos-
tulated to fuse p300 to MOZ, as well as t(6;8)
(q27;p11) (Tanzer et al. 1988), t(8;19)(p11;q13.2) (Tan-
zer et al. 1988; Stark et al. 1995), t(8;14)(p11;q11.1)
(Slovak et al. 1991), and t(3;8;17)(q27;p11;q12) (Ber-
theas et al. 1989). If it is assumed that these phenotyp-
ically similar leukemias all fuse MOZ to genes situated
at the breakpoints on chromosome bands 3q27, 6q27,
14q11.1, 17q12, or 19q13.2, then these loci become
good candidates for the p270/p400 genes—and, thus,
for additional redundant clusters. Interestingly, two of
these loci do harbor additional gene-family members
paralogous to those mapping to 16p13 and 22q11-q13
(table 1): the SSTR1, UBE2L1, MYH6, and MYH7
genes map to chromosome bands 14q11-q13, whereas
the SSTR2, CSNK1D, and CRYBA1 genes map to chro-
mosome 17q11-q25. The gene-mapping data coupled
with the leukemia breakpoint locations strongly suggest
that these gene families have arisen by tetrapoidization
with members on chromosomes 14q, 16p, 17q, and 22q.

Genetic redundancy is potentially of great relevance
to organismal evolution, since it may protect organisms
from potentially harmful mutations and may provide a
pool of diverse yet functionally similar proteins for fur-
ther evolution. Transcription factors such as CBP and
p300 are thought particularly to “profit” from redun-
dancy, as demonstrated by recent knockout mouse stud-
ies, which show that the combined dose of CBP and
p300 is essential for survival (reviewed by Giles 1998).
The existence of these duplicated gene clusters is not just
a matter of redundancy; in the cases of CBP/p300 and
PMM1/PMM2, the proteins have been shown to be
functionally divergent. Where in vitro experiments sug-
gest almost complete functional redundancy, CBP and
p300 are clearly not physiologically interchangeable (re-
viewed by Giles et al. 1998); inactivating germ-line mu-
tations of one copy of the CREBBP gene cause the Ru-
binstein-Taybi syndrome (Petrij et al. 1995). Likewise,
mutations in PMM2, but not those in PMM1, result in
CDG1 (Matthijs et al. 1997a; Schollen et al. 1998).

RACHEL H. GILES,1 HANS G. DAUWERSE,1

GERT-JAN B. VAN OMMEN,1 AND

MARTIJN H. BREUNING2

Departments of 1Human Genetics and 2Clinical
Genetics, Leiden University Medical Center, Leiden

Electronic-Database Information

Accession numbers and URLs for data in this article are as
follows:

Online Mendelian Inheritance in Man (OMIM), http://
www.ncbi.nlm.nih.gov/Omim

Database of Duplicated Human Chromosomal Regions, http:
//www.cib.nig.ac.jp/dda/timanish/dup.html



1242 Letters to the Editor

References

Aparicio S (1998) Exploding vertebrate genomes. Nat Genet
18:301–303

Arany Z, Newsome D, Oldread E, Livingston DM, Eckner R
(1995) A family of transcriptional adaptor proteins targeted
by the E1A oncoprotein. Nature 374:81–84

Barbeau D, Charbonneau R, Whalen SG, Bayley ST, Branton
PE (1994) Functional interactions within adenovirus E1A
protein complexes. Oncogene 9:359–373

Bertheas MF, Jaubert J, Vasselon C, Reynaud J, Pomier G, Le
Petit JC, Hagemeijer A, et al (1989) A complex t(3;8;17)
involving breakpoint 8p11 in a case of M5 acute nonlym-
phocytic leukemia with erythrophagocytosis. Cancer Genet
Cytogenet 42:67–73

Borrow J, Stanton VP Jr, Andresen JM, Becher R, Behm FG,
Chaganti RSK, Civin CI, et al (1996) The translocation
t(8;16)(p11;p13) of acute myeloid leukemia fuses a putative
acetyl transferase to the CREB-binding protein. Nat Genet
14:33–41

Dallas PB, Yaciuk P, Moran E (1997) Characterization of
monoclonal antibodies raised against p300: both p300 and
CBP are present in intracellular TBP complexes. J Virol 71:
1726–1731

Doggett NA, Breuning MH, Callen DF (1996) Report of the
Fourth International Workshop on Human Chromosome 16
Mapping 1995. Cytogenet Cell Genet 72:271–293

Eckner R, Ewen ME, Newsome D, Gerdes M, DeCaprio JA,
Lawrence JB, Livingston DM (1994) Molecular cloning and
functional analysis of the adenovirus E1A-associated 300-
kD protein (p300) reveals a protein with properties of a
transcriptional adaptor. Genes Dev 8:869–884

Eichler EE, Lu F, Shen Y, Antonacci R, Jurecic V, Doggett NA,
Moyzis RK, et al (1996) Duplication of a gene-rich cluster
between 16p11.1 and Xq28: a novel pericentromeric-di-
rected mechanism for paralogous genome evolution. Hum
Mol Genet 5:899–912

Giles RH (1998) CBP/p300 transgenic mice. Trends Genet 14:
214

Giles RH, Dauwerse JG, Higgins C, Petrij F, Wessels JW, Bev-
erstock GC, Döhner H, et al (1997a) Detection of CBP
rearrangements in acute myelogenous leukemia with t(8;16).
Leukemia 11:2087–2096

Giles RH, Peters DJM, Breuning MH (1998) Conjunction dys-
function: CBP/p300 in human disease. Trends Genet 14:
178–183

Giles RH, Petrij F, Dauwerse JG, den Hollander AI, Lushni-
kova T, van Ommen G-JB, Goodman RH, et al (1997b)
Construction of a 1.2-Mb contig surrounding, and molec-
ular analysis of, the human CREB-binding protein (CBP/
CREBBP) gene on chromosome 16p13.3. Genomics 42:
96–114

Holland PW, Garcia-Fernandez J, Williams NA, Sidow A
(1994) Gene duplications and the origins of vertebrate de-
velopment. Dev Suppl 125–133

Kutty RK, Kutty G, Rodriguez IR, Chader GJ, Wiggert B
(1994) Chromosomal localization of the human heme oxy-
genase genes: heme oxygenase-1 (HMOX1) maps to chro-
mosome 22q12 and heme oxygenase-2 (HMOX2) maps to
chromosome 16p13.3. Genomics 20:513–516

Lundblad JR , Kwok RPS, Laurance ME, Harter ML, Good-
man RH (1995) Adenoviral E1A-associated protein p300 as
a functional homologue of the transcriptional co-activator
CBP. Nature 374:85–88

Lundin LG (1993) Evolution of the vertebrate genome as re-
flected in paralogous chromosomal regions in man and the
house mouse. Genomics 16:1–19

Matthijs G, Schollen E, Pardon E, Veiga-Da-Cuhna M, Jaeken
J, Cassiman J-J, van Schaftingen E (1997a) Mutations
in PMM2, a phosphomannomutase gene on chromosome
16p13, in carbohydrate-deficient glycoprotein type I syn-
drome (Jaeken syndrome). Nat Genet 16:88–92

Matthijs G, Schollen E, Pirard M, Budarf ML, van Schaftingen
E, Cassiman J-J (1997b) PMM (PMM1), the human ho-
mologue of SEC53 or yeast phosphomannomutase, is lo-
calized on chromosome 22q13. Genomics 40:41–47

Ohno S (1993) Patterns in genome evolution. Curr Opin Genet
Dev 3:911–914

Petrij F, Giles RH, Dauwerse JG, Saris JJ, Hennekam RC,
Masuno M, Tommerup N, et al (1995) Rubinstein-Taybi
syndrome caused by mutations in the transcriptional co-
activator CBP. Nature 376:348–351

Schollen E, Pardon E, Heykants L, Renard J, Doggett NA,
Callen DF, Cassiman J-J, et al (1998) Comparative analysis
of the phosphomannomutase genes PMM1, PMM2 and
PMM2W: the sequence variation in the processed pseudo-
gene is a reflection of the mutations found in the functional
gene. Hum Mol Genet 7:157–164

Slovak ML, Nemana L, Traweek ST, Stroh JA (1991) Acute
monoblastic leukemia (FAB-M5b) with t(8;14)(p11;q11.1).
Cancer Genet Cytogenet 56:237–242

Stark B, Resnitzky P, Jeison M, Luria D, Blau O, Avigad
S, Shaft D, et al (1995) A distinct subtype of M4/M5 a-
cute myeloblastic leukemia (AML) associated with
t(8;16)(p11;p13), in a patient with the variant t(8;19)
(p11;q13): case report and review of the literature. Leuk Res
19:367–379

Tanzer J, Brizard A, Guilhot F, Benz-Lemoine E, Dreyfus B,
Lessard M, Herchkovitch C, et al (1988) La leucémie aigüe
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How Sib Pairs Reveal Linkage

To the Editor:
The Haseman-Elston (1972) method, widely used for
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studying linkage, has been criticized for incomplete
utilization of sib-pair information. As an alternative,
Amos (1994) created and advocates the “variance-
components” approach; Wright (1997), using a “like-
lihood argument,” found that the phenotypic difference
discards sib-pair linkage information; and Fulker and
Cherny (1996) came to a similar conclusion after an
analysis of sib-pair covariances (Fulker et al. 1995).
Here, I propose an extension of the Haseman-Elston
(1972) method that puts the sib-trait sum into linkage
testing.

Suppose a trait X has a normal distribution with a
mean genetically determined and environmental (resid-
ual) variance ; each sib pair has i alleles identical by2je

descent (IBD) at the trait locus, , 1, or 2; and thei 5 0
sib pair–trait vector has joint normal (bi-T TX { (X , X )1 2

normal) distribution:

1 1 T 21F(X) 5 exp 2 (X 2 m) S (X 2 m) ,[ ]x2Î2p FS Fx

where m is the overall mean and the symbol T stands
for “transpose.” The matrix is the inverse of the21Sx

variance-covariance matrix, which has the form

v c
S 5 ,x ( )c v

where

1v 5 var(X) 5 V 1 V 1 V 1 V 1 Vp c e a d2

15 V 1 V 1 V 1 V ,p c e g2

1 1 1c 5 cov(X , X ) 5 V 1 V 1 iV 1 i(i 2 1)V1 2 p c a d2 2 2

1 1 15 V 1 V 1 iV 1 i(i 2 2)V , (1)p c g d2 2 2

and the variances are as follows: polygenic, Vp; common
environment, Vc; additive genetic, Va; dominance ge-
netic, Vd; residual, Ve ; and total genetic,2(5 2j ) V 5e g

(Malécot 1966, p. 320; Amos 1994; Fulker andV 1 Va d

Cherny 1996).
Let us introduce two new variables: , andD 5 X 2 X1 2

. By use of matrix algebra methods, it isS 5 X 1 X1 2

easy to show that the variance-covariance matrix of D
and S is diagonal:

( )2 v 2 c 0
S 5 ;[ ]( )0 2 v 1 c

thus, these new “coordinates” are uncorrelated, each of

them having the normal distribution, and their joint dis-
tribution is

2 21 D (S 2 2m)
F(D, S) 5 exp 2 2 .[ ]2 22pj j 2j 2jD S D S

The variances are and . In-2 2j 5 2(v 2 c) j 5 2(v 1 c)D S

stead of variances, let us consider the squared pair-trait
difference and the squared pair sum :2 2Y { D Z { S

2E(YFi) 5 jD

5 (V 1 V 1 2V ) 2 iV 1 i(2 2 i)V , (2)e p g g d

and

2 2E(ZFi) 5 j 1 4mS

25 (V 1 3V 1 4V 1 2V 1 4m ) 1 iVe p c g g

2 i(2 2 i)V , (3)d

where the symbol stands for “expectation.” TheE

squared pair-trait difference, Y, has been studied (Has-
eman and Elston 1972; Blackwelder and Elston 1982).

Each of the variables (2) and (3) is a function of the
number of alleles IBD, i, at the trait locus, and their
expected values, conditional on the marker information,
are of interest:

E(...FM) 5 E(...Fi)P(iFM) , (4)O
i50,1,2

where is the probability of i alleles IBDf { P(iFM)i

( , 1, or 2) at the trait locus. The expectations arei 5 0

E(YFM) 5 [(V 1 V 1 2V ) 2 iVO e p g g
i50,1,2

1 i(2 2 i)V ]fd i

15 (V 1 V 1 2V ) 2 2V (p 1 )e p g g 2

11 V (J 1 )d 2

15 (V 1 V 1 V 1 V ) 2 2V p 1 V Je p g d g d2

and
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2E(ZFM) 5 [(V 1 3V 1 4V 1 2V 1 4m )O e p c g
i50,1,2

1 iV 2 i(2 2 i)V ]fg d i

25 (V 1 3V 1 4V 1 2V 1 4m )e p c g

1 11 2V (p 1 ) 2 V (J 1 )g d2 2

1 25 (V 1 3V 1 4V 1 3V 2 V 1 4m )e p c g d2

1 2V p 2 V J ,g d

where

1 1 1p { f 1 f 2 and J { f 2 (5)1 2 12 2 2

at the trait locus. These definitions of p and J differ
from those introduced by Haseman and Elston (1972)
and used by Blackwelder and Elston (1982) by the term

. So defined, p and J are proportional to the same1
2

functions (5) of {fi}, calculated at the marker locus (Dri-
galenko, in press):

2p 5 hp , J 5 h J , (6)m m

where pm and Jm are calculated on the basis of relatives’
marker phenotypes, , and r is the recom-2h 5 (1 2 2r)
bination coefficient between the trait locus and the
marker locus that depends on the (unknown) distance
between them. Finally, the regression equations become

1E(YFM) 5 (V 1 V 1 V 1 V ) 2 2V hpe p g d g m2

21 V h Jd m

5 a 2 bp 1 gJ (7)D m m

and

2E(ZFM) 5 2(V 1 3V 1 4V 1 3Ve p c g

1 2 22 V 1 4m ) 2 2V hp 1 V h Jd g m d m2

5 a 2 bp 1 gJ , (8)S m m

where ,1a { V 1 V 1 V 1 V a { 2(V 1 3V 1D e p g d S e p2

, , and . So,1 2 24V 1 3V 2 V 1 4m ) b { V h g { V hc g d g d2

consideration of the squared pair sum of the trait values
(taken with the opposite sign) results in a regression line
that is parallel to that for the squared pair difference.
Since seven parameters are unknown (Ve, Vp, Vc, Vg, Vd,
m, and h) and four regression coefficients are independent
(aD, aS, b, and g), all the parameters cannot be estimated.
Note that only the slopes, b and g, are important for
testing linkage (Haseman and Elston 1972; Blackwelder

and Elston 1982) and that these are the same for the
sum and the difference of the sib pair–trait values.

The method described here uses all the information
from the sib pair. To demonstrate the gain obtained
when the sum and the difference are used together, let
us ignore dominance, suppose that the residuals have
the same variance in (6) and (7), and use Student’s t-
statistic to test the hypothesis H0: . Then, joint useb 5 0
of the sum and the difference (rather than the difference
alone) doubles the number of points on the regression
line and, therefore, doubles the estimated values of both
b and its variance, so that the t-statistic is enlarged by
a factor of ∼ , increasing the power of the test. FulkerÎ2
and Cherny (1996, fig. 1) obtained similar results using
simulated data and maximum-likelihood estimation.

More explicitly, for N sib pairs, indexed by j (j 5
), the regression equations (7) and (8) include1, ) , N

residuals «D and «S, assumed to be normally distributed
and common for each sib pair (the dominance is ig-
nored):

Y 5 a 2 bp 1 « , 2 Z 5 a 2 bp 1 « . (9)j D j D j D j S

These regression lines give the least-squares estimates of
the slope:

NSY p 2 SY Spj j j j
b̂ 5 ,D 2 2NSp 2 (Sp )j j

NSZ p 2 SZ Spj j j j
b̂ 5 . (10)S 2 2NSp 2 (Sp )j j

Under the assumption that the residuals have the same
variance in (9), var(«D) 5 var(«S), it is easy to prove that
the least-squares estimate of the slope based on com-
bined data for D and S (denoted by D S) is%

[ ] [ ]NS (Y 2 Z )/2 p 2 S (Y 2 Z )/2 Spj j j j j j

b̂ 5D%S 2 2NSp 2 (Sp )j j

1 ˆ ˆ5 (b 1 b ) , (11)D S2

that is, the “combined” regression line is exactly between
the two individual lines. Owing to the properties of
variances,

1ˆ ˆ ˆ[ ]var(b ) 5 var (b 1 b )D%S D S2

1 ˆ ˆ5 [var(b ) 1 var(b )] ,D S4

because cov( , ) 5 0, which is easy to see from (10)ˆ ˆb bD S

under the condition of cov(Yj, Zj) 5 0, discussed above.
Hence, the estimate based on combined data for D and
S has the smallest variance, that is, it is the most effective.
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Note that, for every pair, (11) is based on the half-
difference of Y and Z, which is 1 1(Y 2 Z) 5 [(X 212 2

The half-sum of (7) and2 2X ) 2 (X 1 X ) ] 5 22X X .2 1 2 1 2

(8) gives the equation

1E(22X X FM) 5 (a 1 a ) 2 bp 1 gJ ,1 2 D S m m2

which may be easily derived from (1) and (4). Thus, the
most clear estimate, , is based on the pair-trait mul-b̂D%S

tiplication, because the linkage test depends on the num-
ber of alleles IBD (which is a characteristic of a pair
rather than an individual); the covariance (1) gives the
same information as any combination of the squared
pair-trait difference and the squared pair sum. This ex-
plains the effectiveness of the variance-components
method (Amos 1994).
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Allele Identical by Descent Sharing at Any Point of a
Chromosome of a Sib Pair

To the Editor:
The distribution of identical by descent (IBD) alleles on
a chromosome is a key component of multipoint linkage
analysis (Goldgar 1990; Kruglyak and Lander 1995;
Whittemore 1996). Goldgar (1990) and Guo (1994)
considered a proportion of genetic material shared IBD
by sibling pairs. Kruglyak and Lander (1995) used “in-
heritance vectors” (Lander and Green 1987) to calculate
the probability that a sib pair shares 0, 1, or 2 alleles
IBD. I propose a simple and straightforward procedure,
based on the Haseman and Elston (1972) approach.

Suppose a chromosome has m markers, the distances
between them being known. Assuming no crossover in-
terference, the Haldane mapping function is used. Fam-
ily data on marker phenotypes provide the probability

that a sib pair has alleles IBD at the kthf { P(i FM ) ii k k kk

marker loci, for and , 1, or 2 (Has-k 5 1, 2, ) , m i 5 0k

eman and Elston 1972, table 2). Denote by z the co-
ordinate, on the chromosome, of the point studied that
is between markers c (“closest”) and .c 1 1

The probability that a sib pair shares allelesP(i FM) iz z

IBD ( , 1, or 2) at a point z, conditional on all thei 5 0z

marker data M, is calculated by use of the formulas of
total and conditional (“chain”) probabilities:

P(i FM) 5 P(i , i , ) , i FM)Oz z 1 m
i ,),i1 m

5 P(i Fi , ) , i , M)P(i Fi , ) , i , M)O 1 2 m 2 3 m
i ,),i1 m

)# # P(i Fi , i , ) , i , M)c z c11 m

#P(i , i , ) , i FM) .z c11 m

With the important assumption of no crossover inter-
ference, the allele sharing at any locus depends only on
the marker data and the neighboring locus:
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P(i Fi , ) , i , M) 5 P(i Fi , M )k k11 m k k11 k

5 P(i , i , M )/P(i , M )k k11 k k11 k

5 P(i Fi )P(i FM )/P(i ) .k k11 k k k

The unconditional probabilities are , , and for1 1 1P(i) 4 2 4

, 1, and 2, respectively. The conditional probabilityi 5 0
that the sib pair has k alleles IBD at one′W { P(kFl)kl

locus if this pair has l alleles IBD at another locus is
based on the corresponding joint probability ′′W {kl

, derived by Haseman and Elston (1972, table 4).P(k, l)
Therefore,

′P(i Fi , ) , i , M) 5 W f /P(i ) { W f , 1k k11 m i i i k i i ik k11 i k k11 k

where or, in the′ ′′W 5 W /P(i ) 5 W /[P(i )P(i )]i i i i k i i k k11k k11 k k11 k k11

matrix notation,

2 24w 4w(1 2 w) 4(1 2 w)
1 2W 5 4w(1 2 w) 4( 2 w 1 w ) 4w(1 2 w) , 12[ ]

2 24(1 2 w) 4w(1 2 w) 4w

where , and r is the recombination frac-2 2w 5 r 1 (1 2 r)
tion, calculated from the known distance between the
marker loci studied, by use of the Haldane mapping
function; the indices ik and ik11 are omitted for w, W, and
r.

The sum for the first marker is

(1)P(i Fi , M ) 5 W f { f . 1O O1 2 1 i i i i1 2 1 2
i i1 1

The right notation emphasizes that the probabilities in-
dexed for the second marker “picked up” information
from the first one. For the second marker,

(1) (1,2)P(i Fi , M )P(i Fi , M ) 5 W f f { f 1O O1 2 1 2 3 2 i i i i i2 3 2 2 3
i ,i i1 2 2

and so on, up to the closest marker to the left of the
trait locus (included):

(1,),c) (1,),c21)f 5 W f f . 1(1)Oi i i i iz c z c c
ic

Remember that depends on z and that the HaldaneWi ic z

mapping function is used. In the part of the chromosome
to the right of point z, we proceed in the opposite di-
rection:

P(i , i , ) , i FM) 5 P(i Fi , M)P(i Fi , M) 1z c11 m m m21 m21 m22

)# # P(i Fi , M)P(i ) .c11 z z

Again, by virtue of the assumption of no crossover
interference,

P(i Fi , ) , i , M) 5 P(i Fi , M )k k21 1 k k21 k

′5 W f /P(i ) { W f .i i i k21 i i ii21 i i i21 i i

The sum for the last marker is

(m)P(i Fi , M ) 5 W i f { f ;O Om m21 m i m21 i im m m21
i im m

then,

(m)P(i Fi , M ) 5 W i f fO Om21 m22 m21 i m22 i im21 m21 m21
i ,i im21 m m21

(m21,m){ fim22

and so on, up to the closest marker to the right of the
trait locus (included):

(c11,),m) (c12,),m)f 5 W f f . (2)Oi i i i iz c11 z c11 c51
ic11

Finally, the probability at point z is the joint probability
from the left (formula [1]) and right (formula [2]) parts
of the chromosome:

(1,),c) (c11,),m) (1,),m)P(i FM) 5 f P(i )f { f .z i z i nz z z

So, the prior probability at point z is “corrected”P(i )z
by the marker data from both sides. When z is to the
left of the first marker, and the left factor disap-c 5 0
pears; when z is to the right of the last marker, c 5 m
and the right factor disappears; when z is at the position
of the kth marker, replaces , meaning thatP(i FM ) P(i )z k z

a noninformative marker receives information from its
neighbors. If a marker is fully informative, only one of
f0, f1, or f2 is equal to 1; others are equal to 0, thus
cutting the “probability chain.”

The number of calculations is proportional to the
number of marker loci in this multipoint method. If in-
termediate results are stored, this method leads to a fast
algorithm for the calculation of allele IBD sharing at any
point of a chromosome, for every sib pair. With this
distribution, linkage tests for quantitative and qualita-
tive traits may be derived, by use of likelihood, regres-
sion, scores, or other methods, which will be the subject
of a separate communication.
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